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This report identifies key scientific gaps that limit our ability to predict water quality effects on 
health of aquatic ecosystems and proposes approaches to address those gaps. Topics considered 
include (1) coupled nutrient-carbon cycle processes and related ecological-flow-regime drivers 
of ecosystem health, (2) anthropogenic and geogenic toxin bioexposure, (3) fine sediment drivers 
of aquatic ecosystem health, and (4) freshwater salinization. Each topic is addressed in terms of 
scientific gaps, approaches, and timelines to help guide portions of the U.S. Geological Survey 
Water Mission Area (https://www.usgs.gov/mission-areas/water-resources) research portfolio 
and other national research efforts. The report provides an assessment of several of the major 
challenges and opportunities concerning water quality impacts on aquatic ecosystem health. It 
will be important to maintain broad-based expertise and flexibility to address the full range of  
long-term water quality issues facing the Nation’s water resources. 
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Chapter A

Knowledge Gaps and Opportunities in Water-Quality Drivers of  
Aquatic Ecosystem Health
Edited by Judson W. Harvey, Christopher H. Conaway, Mark M.  
Dornblaser, Allen C. Gellis, A. Robin Stewart, and Christopher T. Green  
[Also see https://doi.org/10.3133/ofr20231085]

Introduction
Gaps in scientific knowledge limit our ability to predict 

water quality effects on the health of aquatic ecosystems. 
This report summarizes key gaps and describes approaches to 
address them. In 2020 the Eco-Health Gap Analysis team for the 
USGS Water Resources Mission Area’s National Water Quality 
Program (NWQP; https://www.usgs.gov/programs/national-
water-quality-program) discussed potential topical areas. The 
following four key topical areas were selected for an in-depth 
gap analysis of water-quality drivers of aquatic ecosystem 
health and make up the remaining chapters of this report: 
coupled nutrient-carbon cycle processes and related ecological-
flow drivers (Chapter B), anthropogenic and geogenic 
contaminant bioexposures  (Chapter C), fine sediment drivers 
(Chapter D), and freshwater salinization (Chapter E). In each 
chapter, there is a discussion of the scientific gaps, approaches, 
and timelines to address the gaps.

What is Aquatic Ecosystem Health?

Many factors control the structure, function, and persistence 
of aquatic communities. Healthy aquatic ecosystems are 
characterized by flow and habitat conditions, water quality, and 
food availability that sustain the biological community close to 
the state of an undisturbed “reference community” (Baldaccini 
and others, 2009; Durbecq and others, 2020). Well-functioning 
river corridors often include naturally varying flows, geomorphic 
complexity, and diverse sediment conditions. Also important are 
appropriate levels of light, organic matter inputs, and other factors 
that support feeding, dispersal, nesting, and rearing of aquatic 
consumers. Refugia provide a buffer from excessive predation, 
extreme flows, and physiochemical stressors.

Natural aquatic communities undergo a variety of chemical, 
biological, and hydrological disturbances. Chemical disturbances 
include excessive inputs of salinity, toxic elements, fine sediment, 
organic matter, or nutrients from the watershed or corridor. 
Biological disturbances may stem from extended periods of 
low dissolved oxygen (Blaszczak and others, 2022) and high 
temperature (Briggs and others, 2018) that impose physiological 
stress, as well as whole-system disruptions of aquatic metabolism 
that include excessive, oxygen-depleting algal blooms (Glibert and 

others, 2010), blooms that are toxic (Burford and others, 2020), 
or blooms of undesirable species that are less nutritious for higher 
trophic levels (Giblin and others, 2022). Another major cause of 
biological disturbances is invasive species that out-compete native 
species and disrupt food webs. Hydrologic disturbances include 
changes to the natural flow regime (Poff and others, 1997) and to 
the natural sediment regime (Wohl and others, 2015) stemming 
from more frequent or ill-timed floods and droughts as well as 
changing seasonal patterns of high and low flows. Natural aquatic 
communities typically can recover from temporary levels of 
moderate stress. However, hydrologic disturbances may interact 
with chemical and biological disturbances to compound and 
prolong the effects on ecosystems. 

Human alteration of aquatic systems is increasing the 
occurrence and persistence of stressors. Industrial and agricultural 
activities have radically changed the global amount and 
distribution of atmospheric carbon dioxide (CO2) (Canadell and 
others, 2007), reactive nitrogen (N) in the biosphere (Galloway 
and others, 2008), and distribution of phosphorus (P) (Gilbert, 
2009), leading to reorganization of biological communities (Finzi 
and others, 2011). Extreme events related to climate change 
(for example, wildfires, floods, and droughts) interact with local 
land-use practices to influence concentrations of salinity and 
anthropogenic and geogenic contaminants, leading to negative 
impacts on aquatic ecosystems (Kolpin and others, 2002; Barnes 
and others, 2008; Focazio and others, 2008; Chapman and others, 
2010; Bradley and others, 2016; Kaushal and others, 2018). 
Human-altered runoff regimes that increase the frequency of 
floods and droughts also may eliminate favorable sub-habitats 
and expose aquatic organisms to higher concentrations of 
contaminants. Land use effects are of particular concern where 
they influence flow, sediment sources, riparian shading, and the 
biogeochemistry of headwater streams as well as the larger river 
channels. Important functions of streams and rivers are enabled 
by interactions with subsurface hyporheic zones and with riparian 
zones and floodplains, elements that together with the main 
channel comprise the river corridor (Harvey and others, 2019). 
River corridor interactions collectively influence a broad array 
of water quality and aquatic ecosystem functions (Gilliam 1994; 
Wohl and others, 2015; Golden and Hoghooghi, 2017; Lynch 
and others, 2019; Harvey and others, 2019). Flow alterations and 
land use changes influence longitudinal and lateral connectivity of 
river corridors, capacity of riparian buffers for water purification, 

http://
https://www.usgs.gov/programs/national-water-quality-program
https://www.usgs.gov/programs/national-water-quality-program


2    Water-Quality Processes Affecting Aquatic Ecosystem Health 

Figure A1.  Diagrams of aquatic ecosystem 
health assess the structure and function of 
biological communities responding to physical 
and chemical factors and biological needs 
and tolerances. A, Venn diagram of physical, 
chemical, and biological factors acting together 
to influence the structure and function of aquatic 
communities (Carlisle and others, 2013). B, Multi-
factor measures such as macroinvertebrate 
multimetric index (MMI) indicate that more than 
half of the stream miles in the continental United 
States rate as being in poor ecological condition, 
as shown in pie diagrams against mapped U.S. 
Environmental Protection Agency (EPA) level II 
ecoregions. The highest ecological impairment 
occurs in the Coastal Plain ecoregion (71 percent 
[%]) and lowest in the Western Mountains 
ecoregion (26%). Modified from EPA (2020b). Na+, 
sodium cation; Cl−, chlorine anion.

bank erosion and sediment supply, and hyporheic and riparian 
ecosystem functions that facilitate the storage and transformation 
of organic matter, nutrients, fine particulates, and contaminants 
(Wymore and others, 2023).

 How is Aquatic Ecosystem Health Assessed?

Physical, chemical, and biological factors act together to 
influence the structure and function of aquatic communities 
(Carlisle and others, 2013) (fig. A1). Consequently, despite 
efforts to build simple criteria based on single factors, such 

FigureA1 HArvey paper

A. Aquatic Ecosystem Health
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as nutrient concentrations that specify eutrophication (for 
example, Dodds and Smith, 2016) or flow statistics that 
quantify flow alteration (for example, Poff and others, 2010), 
the signature of a healthy aquatic system is in fact quite difficult 
to assess. An alternative is to use an integrative metric that 
broadly characterizes aquatic health. For example, benthic 
macroinvertebrates in streams play a key role in processing 
detritus and providing food for higher consumers in healthy 
aquatic ecosystems. Sampling the benthos in thousands of 
streams provided the data for a macroinvertebrate multimetric 
index (MMI) that assesses health based on taxonomic 
richness, diversity, balance among feeding groups and habitat 
requirements, and pollution tolerance relative to reference 
streams (U.S. Environmental Protection Agency [EPA], 
2020b). The resulting MMI provides a transferable measure 
of ecosystem health that is temporally persistent and can 
be consistently applied across the Nation. Other biological 
indicators also are used, for example, fish community metrics, 
as well as physiochemical indicators (nutrients, salinity, 
temperature), and physical habitat indicators (for example, 
riparian condition, excess fine sediment) (EPA, 2020b).

Aquatic ecosystem health is also assessed in terms 
of societal interests in the services and beneficial uses that 
are accrued. Scientific information can inform decisions by 
stakeholders and support investments to protect or enhance 
those valuable services. Ecosystem services are evaluated 
according to the functions performed, including water 
storage and purification, biological production and fisheries, 
biodiversity, carbon storage, recreational opportunities, and 
values of public natural spaces and private lands (Brauman and 
others, 2007). Stakeholder interest may range broadly from 
managing declines in specific biological communities (for 
example, endangered fisheries), managing water supply for 
human beneficial use while also reserving flows for biological 
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communities, managing contaminant loads to protect biological 
communities and sustain recreational uses, as well as managing 
waterways to address concerns about odor and aesthetic appeal.

Federal Agency Role in Aquatic 
Ecosystem Health

A summary understanding of the U.S. Geological Survey’s 
(USGS’s) mission among Federal agencies is the basis from which 
to begin knowledge gap analyses. Throughout the fall of 2020 
the Eco-Health Gap Analysis team for the USGS Water Mission 
Area’s National Water Quality Program (NWQP; https://www.
usgs.gov/programs/national-water-quality-program) discussed 
potential topical areas. Scientific guidance in water quality 
and ecosystem health issues for the United States comes from 
Federal agencies such as the U.S. Environmental Protection 
Agency (EPA), USGS, U.S. Department of Agriculture (USDA), 
National Oceanic and Atmospheric Administration (NOAA), U.S. 
Department of Energy (DOE), U.S. Army Corps of Engineers 
(USACE), National Aeronautics and Space Administration 
(NASA), Federal Energy Regulatory Commission (FERC), and 
the National Science Foundation (NSF). The role of the USGS and 
other agencies is to carry out the necessary monitoring, laboratory-
based experiments and modeling required to create the best 
framework to guide regulatory agencies, States and municipalities, 
non-governmental organizations (NGOs), and other stakeholders 
in their decision-making about water resources. This vitally 
important role is intended to ensure that regulations and best 
management practices are effective, including the protection of 
ecosystem health.

The scientific information provided by Federal agencies is 
used to design and implement protective management actions. 
Regulatory responsibilities are primarily in the EPA, FERC, and the 
USACE which have regulatory authority over wastewater releases 
and physical alteration of waterways, as well as river and reservoir 
infrastructure and operations. The EPA tracks and compiles State 
reporting of water quality impairments of waterways (EPA, 
2017) and has established exceedance criteria for contaminants to 
protect aquatic organisms. Many of those criteria target specific 
organisms and life stages to protect against contaminants such as 
pesticides, metals, and emerging contaminants. Notably, many of 
EPA’s exceedance thresholds for specific compounds are lower for 
ecological health than for human beneficial use.

Declines in aquatic ecosystem health are often the result of 
multiple factors. For example, the biological impairment of benthic 
macroinvertebrate communities is often related to nutrients, salinity, 
and temperature, but is almost twice as likely to be rated poor 
when levels of excess fine sediment are high (EPA, 2020a). Federal 
agency programs such the USGS Water Resources Mission Area 
(WMA) Regional Stream Quality Assessment Program (RSQA, 
https://www.usgs.gov/tools/regional-stream-quality-assessment-
rsqa) have demonstrated how the dominant physical and water-
quality drivers of aquatic health can be identified. For example, 
alteration of streamflow, particularly in the western United States, 

often is found to operate in concert with water-quality drivers to 
impair ecological health (Carlisle and others, 2013). Identifying 
the multiple, key factors controlling aquatic health is imperative 
to serve stakeholders charged with decisions and investments to 
protect ecological resources across the Nation.

Gaps in Understanding of Water Quality 
Threats to Aquatic Ecosystem Health

How a Gap Analysis Can Serve the USGS

Presently the USGS WMA focuses on measuring water flow 
and water quality in a nationally consistent manner to support 
stakeholder information needs to manage water resources. In 
addition to making the measurements, the USGS analyzes spatial 
and temporal trends and models source areas and movement of 
constituents of concern to receiving waters. Furthermore, the 
USGS characterizes hydrologic alterations of streamflow and 
its role in structuring aquatic communities. USGS also interacts 
directly with local stakeholders that support specific stakeholder 
interests in current programs and priorities.

USGS’s expertise in hydrologic flows, constituent source 
areas, and movement of constituents through watersheds does not 
serve all stakeholder needs, especially from an ecosystems health 
perspective. Quantifying source areas and loads, alone, cannot 
provide a holistic understanding of the water quality drivers of 
ecosystem health. That understanding served as a starting point for 
our gap analysis.

A knowledge and data gap analysis can propose topical 
areas and priority opportunities that are uniquely suited to a 
particular agency’s mission. Here the WMA’s NWQP carried out 
the gap analysis with an aim to serve WMA’s Integrated Water 
Prediction (IWP) (https://www.usgs.gov/mission-areas/water-
resources/science/integrated-water-prediction-iwp) and Integrated 
Watershed Availability Assessments (IWAAS) programs (https://
www.usgs.gov/mission-areas/water-resources/science/integrated-
water-availability-assessments-iwaas). Both parent programs 
emphasize the identification of causal factors with IWP focusing 
on forecasting future outcomes. Our gap analysis focused on 
prioritizing new capabilities beyond the current expertise of 
USGS in streamflow and constituent concentration trends toward 
developing integrated capabilities for assessment and modeling of 
the water-quality drivers of aquatic ecosystem health (table A1).

Many important topics for ecosystem health are not in the 
purview of the USGS WMA. For example, building contaminant 
exceedance criteria for specific organisms and life stages, 
although crucial for establishing contaminant exceedance criteria 
for ecosystems, is a task that is best suited for EPA’s combined 
research and regulatory authority that supports specialty areas 
through research contracting with universities. Similarly, although 
pathogens rank highly as an impairment of beneficial uses of 
aquatic ecosystems, the USGS WMA currently has limited 
involvement compared to other agencies.

https://www.usgs.gov/programs/national-water-quality-program
https://www.usgs.gov/programs/national-water-quality-program
https://www.usgs.gov/tools/regional-stream-quality-assessment-rsqa
https://www.usgs.gov/tools/regional-stream-quality-assessment-rsqa
https://www.usgs.gov/mission-areas/water-resources/science/integrated-water-prediction-iwp
https://www.usgs.gov/mission-areas/water-resources/science/integrated-water-prediction-iwp
https://www.usgs.gov/mission-areas/water-resources/science/integrated-water-availability-assessments-iwaas
https://www.usgs.gov/mission-areas/water-resources/science/integrated-water-availability-assessments-iwaas
https://www.usgs.gov/mission-areas/water-resources/science/integrated-water-availability-assessments-iwaas
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Potential Topics for an Eco-Health Gap Analysis

During discussions of potential topical areas, the ecosystem 
health gap analysis team for the WMA Water Quality Program 
discussed a broad array of potential topics. For example, the 
team discussed gaps in environmental toxicology that limit 
opportunities for managing ecosystems. To assess ecological 
toxicity more fully, it was argued that more process-based research 
is needed to improve predictions of organism bioexposure 
pathways through diet or direct uptake (Mebane and others, 
2020). Such work can classify key bioexposure pathways to 
emerging contaminants of concern, and to broadly characterize 
uptake mechanisms for classes of contaminants at various levels 
of the food web. Such information can be used to refine how 
bioexposure and bioavailability are measured, managed, and 
regulated. The USGS could assist collaborators in expanding 
the data sources for modeling the fate of many anthropogenic 
and geogenic contaminants, including innovative modeling of 
anthropogenic contaminants. An example is advanced model 
tracking of wastewater inputs to downstream locations (Barber 
and others, 2022).

The team also discussed how historically the USGS and 
other agencies have typically modeled only single contaminant 
threats, yet the most common threats to aquatic ecosystems in 
the United States are attributed to the simultaneous presence 
and mixture of several contaminants (Masoner and others, 
2019). Salinization of the Nation’s freshwaters is one of the 
most widespread manifestations (Kaushal and others, 2018). 
It is a complicated problem for ecosystem health because of 
the broad-based “chemical cocktails” that can be involved 
and because of the difficulty in anticipating outcomes for 
aquatic communities (Dugan and others, 2017). There are 
differential lethal and sublethal effects of salinity on specific 

Table A1.  Opportunities for the U.S. Geological Survey (USGS) Water Mission Area (WMA) in aquatic ecosystem health.

[WMA, USGS Water Resources Mission Area (https://www.usgs.gov/mission-areas/water-resources); NWQP, USGS WMA National Water Quality Program 
(https://www.usgs.gov/programs/national-water-quality-program); IWP, WMA Integrated Water Prediction (https://www.usgs.gov/mission-areas/water-resources/
science/integrated-water-prediction-iwp); IWAAS, WMA Integrated Watershed Availability Assessments (https://www.usgs.gov/mission-areas/water-resources/
science/integrated-water-availability-assessments-iwaas.]

What Who Why Where How

Ecosystems are 
vulnerable to short-
term disturbances and 
long-term alterations 
that threaten ecosystem 
health and societal 
values including water 
purification, species 
diversity, high-value 
recreational species, 
safe recreational 
waters, and drinking 
water.

WMA WQP developing 
capabilities for IWP 
and IWAAS programs.

Priorities reflect equally: 
(1) stakeholder rank 
of importance, (2) 
USGS capabilities and 
growth opportunities, 
and (3) current data 
availability.

New capabilities needed 
in data collection and 
analysis to advance beyond 
characterizing trends of 
single constituents in 
streamflow to inform 
predictions of eco-health.

Serve timely information 
to support stakeholder 
decision making 
and prioritization 
of regulatory and 
management actions to 
counter threats.

All waters, surface 
and subsurface, that 
affect surface water 
availability and quality 
now, and for decades 
in the future.

Assessments and models 
vary in spatial extent 
from individual 
watersheds to the Nation, 
at timescales ranging 
from days to decades, 
to inform predictions of 
eco-health.

Integrated assessments and 
models of water quality 
drivers of eco-health.

Products may involve:(1) 
early warnings for 
recreational users, 
water intake operators, 
and other stakeholders 
(2) vulnerability 
assessments for 
landowners, managers, 
and other stakeholders

organisms, as well as higher level effects on community 
structure and function, in addition to the ancillary effects of 
changing salinity on mobilization of contaminants stored in 
sediments. All of these have potentially cascading effects on 
downstream ecosystems. Likewise, many EPA Superfund sites 
hosting a myriad of industrial contaminants are in floodplains, 
exacerbating the potential for rapid mobilization and spreading 
of contaminants to downstream areas.

There is growing recognition of the need for multi-factor 
controls for aquatic health involving physical, biogeochemical, 
and biological interactions that threaten aquatic ecosystems 
(Community Coordinating Group on Integrated Hydro-Terrestrial 
Modeling, 2020). For example, widespread deoxygenation 
has occurred in warming temperate rivers of the United States 
and Europe (Zhi and others, 2023) with steeper trends in urban 
and agricultural landscapes consistent with hydrologic and 
biogeochemical drivers (Blaszczak and others, 2022). Excessive 
algal growth can arise from the coupled influences of higher 
nutrient inputs, moderate to high light availability, and extended 
water residence times in rivers regulated for navigation in the 
intensively farmed Midwestern United States (Giblin and others, 
2022). Excess nutrients and organic carbon (OC) may derive 
from watershed activities such as agriculture and rangeland 
management, urbanization, and stormwater management, as 
well as wildfire, forest roads and related forest management 
practices (Bernhardt and others, 2022). Excess nutrients and OC 
also may be derived from within the river network, for example, 
from mobilization from reservoir or stormwater pond sediments 
(Taguchi and others, 2020) or from release from storage in living 
algal biomass or from storage in river pools or riparian zones. 
Dams not only alter the flow regime but also play a role by storing 
nutrients and fine particulate organic matter that may later be 
released to fuel excessive algal blooms (Wang and others, 2019).  

https://www.usgs.gov/mission-areas/water-resources
https://www.usgs.gov/programs/national-water-quality-program
https://www.usgs.gov/mission-areas/water-resources/science/integrated-water-prediction-iwp
https://www.usgs.gov/mission-areas/water-resources/science/integrated-water-prediction-iwp
https://www.usgs.gov/mission-areas/water-resources/science/integrated-water-availability-assessments-iwaas
https://www.usgs.gov/mission-areas/water-resources/science/integrated-water-availability-assessments-iwaas
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In addition, excessive algal blooms can overload aquatic systems 
with labile organic matter that buries coarse-grained biological 
habitat with fine sediment, and consumes oxygen, sometimes 
leading to hypoxia and fish kills. 

The result of anthropogenic alterations has been 
eutrophication of surface waters—major shifts in metabolism 
and trophic dynamics that alter aquatic food webs in rivers and 
their downstream receiving waters including lakes, reservoirs, 
and estuaries (Dodds and Smith, 2016). Larger and longer 
lasting algal blooms can lead to more frequent recreational 
area closures, fouled water treatment operations, and releases 
of biological toxins that threaten wildlife, pets, and humans 
(Glibert, 2017).

Eutrophication of surface waters accounts for the highest 
number of reported impairments by EPA. Eutrophication is not 
often reported directly. Instead, eutrophication is often reported 
in terms of the expected drivers or associated water-quality 
changes, such as excessive nutrients (ranked number 2 in terms 
of the number of reported impairments) and oxygen depletion 
by organic enrichment (ranked number 4) (EPA, 2017). Those 
broad water-quality impairments are often accompanied by 
related broad-based water-quality impairments such as salinity 
(ranked number 12). Notable exceptions to those broad-based 
water-quality impairments are specific anthropogenic and 
bio- or geogenic contaminants, such as pathogens (ranked 
number  1); trace metals, such as arsenic (As), copper (Cu), and 
selenium (Se) (ranked number 3); and mercury (Hg) which 
ranked number 7 among all reported impairments (EPA, 2017).

Other highly ranked impairments in the Nation that relate 
to eutrophication and to habitat suitability for high-value aquatic 
species include high total suspended solids (ranked number 6) 
and high temperature (ranked number 10). Fine grained sediment 
(less than 0.063 millimeter [mm]) is a key impairment of United 
States waterways that reduces water clarity, clogs bed sediments, 
raises temperature, and increases biological oxygen demand 
that can suffocate fauna and fish eggs (Cluer and Thorne, 2014). 
Also, longer and hotter fire seasons in the western United States 
are increasing the loading of fine sediment with a high black 
carbon content to rivers (Wagner and others, 2015) which stresses 
stream ecosystems by increasing turbidity and biological oxygen 
demand. In addition, increased sedimentation in western rivers 
may exacerbate channel aggradation and flooding (Wagner and 
others, 2015). In the Northeastern United States, where a wetter 
and warmer climate is predicted, an important question is whether 
increased loadings of sediment-associated nutrients (Noe and 
others, 2020) will exacerbate algal blooms and hypoxic events.

Nutrient and fine sediment contamination and harmful algal 
blooms (HABs), acting together, can substantially affect local 
economies throughout the Nation. For that reason, hypoxia and 
HABs were identified by a recent workshop of seven Federal 
agencies and many universities addressing the need for integrated 
hydro-terrestrial modeling to serve stakeholders (Community 
Coordinating Group on Integrated Hydro-Terrestrial Modeling, 
2020). Alongside floods and western water, hypoxia and 
HABs were proposed as one of three grand challenges by the 
Community Coordinating Group on Integrated Hydro-Terrestrial 

Modeling (2020). Integrated hydro-terrestrial modeling of 
coupled constituents could support development of early warning 
capabilities for excessive algal blooms and hypoxia.

Selected Topical Areas for the Gap Analysis

Team deliberations during the fall of 2020 identified four 
key topical areas for an in-depth gap analysis. Team selections 
were vetted in discussions and presentations with a wider set 
of USGS colleagues. Many potential topics were discussed 
that could play an important role in improving USGS service 
to stakeholders who need the information to assess potential 
effectiveness of management strategies to protect ecosystem 
services and water supply.

The following four key topical areas were selected for 
an in-depth gap analysis of water-quality drivers of aquatic 
ecosystem health:

1.	 Coupled nutrient-carbon cycle processes and related 
ecological-flow drivers,

2.	 Anthropogenic and geogenic toxin bioexposure,

3.	 Fine sediment drivers, and

4.	 Freshwater salinization.

The eco-health gap analysis that follows assesses for 
each of the selected topics the (1) status of knowledge and key 
limitations, (2) identification of specific gaps, (3) approaches 
to address gaps, (4) prioritization of gaps with timelines, and 
(5) potential outcomes for water-quality stakeholders. Topics 
included a discussion of the role of data collection, issues of 
scale and transferability, and appropriate analysis approaches 
to address stakeholder needs for scientific information about 
water-quality and ecological-flow-regime (“eco-flow”) drivers 
of aquatic ecosystem health (Suen and Eheart, 2006). As the 
science and stakeholder needs evolve, there is need for program 
evolution to keep pace—hence this gap analysis with proposed 
approaches for moving forward in addressing issues today as 
well as emerging issues for future aquatic ecosystem health.
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Purpose and Scope
This chapter addresses knowledge gaps that, if filled, 

could improve predictions of aquatic ecosystem health as 
affected by coupled nutrient-carbon cycle processes and related 
ecological flow drivers. The gaps identified in this chapter 
are not intended to be comprehensive but are instead focused 
on key opportunities for the U.S. Geological Survey (USGS) 
Water Resources Mission Area (WMA, https://www.usgs.gov/
mission-areas/water-resources). Nutrient effects on beneficial 
uses of water are not addressed in this chapter but are covered 
in Chapter E of Tesoriero and others (2024), “Improving 
Predictions of Nitrogen Effects on Beneficial Uses of Water,” 
the companion Open-File Report to this publication.

Statement of the Problem
The biogeochemical cycles of carbon (C), nitrogen (N), 

and phosphorus (P) are fundamental to life, and they are coupled 
to one another through basic stoichiometry requirements of 
organisms and oxidation-reduction reactions of metabolism 
(Sterner and Elser, 2002; Schlesinger and others, 2011). Human 
activities have radically changed the amount and distribution 
of these elements; for example, atmospheric carbon dioxide 
(CO2) concentrations have increased by 40 percent or more 
since the beginning of the Industrial Revolution (Canadell and 
others, 2007), reactive N in the biosphere has doubled since 
1950 (Galloway and others, 2008), and mining of P for fertilizers 
has redistributed it across the Earth (Gilbert, 2009). These 
individual and collective changes in C, N, and P are leading to 
the reorganizing of biological communities in terrestrial and 
aquatic systems, with important implications for ecosystem health 
(Finzi and others, 2011). This chapter summarizes gaps in our 
understanding of coupled nutrient-carbon cycle processes and 
related ecological flow regime (“eco-flow”) drivers (Suen and 
Eheart, 2006) and proposes a series of approaches across multiple 
scales (microbial-to-river reach) which will address these gaps, 
providing data and understanding that could aid ecosystem-health 
modeling efforts.

On an annual basis the U.S. Environmental Protection 
Agency (EPA) ranks by number the stakeholder-reported 

impairments of aquatic health and beneficial use of surface 
waters across the Nation (EPA, 2017). Impairments associated 
with eutrophication of surface waters rank among the highest 
priorities, with excessive nutrients ranked number 2, low dissolved 
oxygen ranked number 4, high total suspended solids ranked 
number 6, and high temperatures ranked number 10 (EPA, 2017). 
Despite efforts to reduce nutrient inputs to waterways, land use 
and climate change have resulted in trends that are generally 
not improving. The EPA found 43 percent of national rivers and 
streams were of poor quality according to a rating based on total 
nitrogen (TN) with no change from 2008–2009 to 2013–2014; 
for total phosphorus (TP), they found that 58 percent of rivers 
and streams had poor quality in 2013–2014, up from 47 percent 
in 2008–2009 (EPA, 2017). U.S. Geological Survey (USGS) 
trend analysis for the years 1992–2012 showed that while nitrate 
(NO3), TP, ammonium (NH4), soluble reactive P (SRP), and TN 
were decreasing at a majority of urban sites, there was a lack of 
nutrient reduction at agricultural sites (Stets and others, 2020). 
An important question remains as to whether nutrient reduction 
efforts at agricultural sites have not been large enough, or whether 
legacy nutrients are causing a lag in river response to those efforts 
(Stackpoole and others, 2019).

Eutrophication and other issues concerning surface-water 
quality are often assessed in the context of a single constituent; for 
example, TN or TP commonly is targeted for total maximum daily 
load (TMDL) regulation to address impaired waters, whereas other 
factors such as temperature, dissolved oxygen (O), fine sediment, 
dissolved and particulate organic carbon (DOC, POC), and 
antibiotics are not addressed. Also not addressed are the complex 
interactions among multiple biogeochemical processes and 
flow-related physical drivers (for example, water residence time, 
mixing and stratification, and oxygen reaeration) that influence 
the onset, severity, duration, and frequency of eutrophication 
events. A broad array of biologically mediated N cycle processes 
(including nitrification, denitrification, and microbial respiration), 
along with organic carbon (OC) reactions, strongly influence the 
ecological health of aquatic systems. These coupled or linked 
physical and biological reaction processes and their effects on the 
fate of constituents and on ecological health rarely are considered 
in regulatory measures to protect ecosystem health. Nevertheless, 
the coupled cycling of constituents and their interactions with 
physical mixing and gas exchange is foundational to water quality 
and ecosystem health (see fig. B1).

http://
https://www.usgs.gov/mission-areas/water-resources
https://www.usgs.gov/mission-areas/water-resources
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An example of a coupled reaction is the linked 
mineralization reactions of an organic contaminant, which 
often result in the production of a related degradate compound, 
rather than complete disappearance of the parent compound. 
Coupled redox reactions can affect contaminant degradation, 
sequestration, and transport. For example, iron (Fe) oxidation 
coupled to nitrate reduction produces Fe oxides that sequester 
arsenic (As) and P. Sulfate reduction rates are a key consideration 
in modeling of mercury (Hg) cycling in streambeds (Marvin-
DiPasquale and others, 2009). Another example is nutrient 
redox reactions that potentially affect reaction pathways and the 
form of gaseous end-products, such as nitrous oxide (N2O), that 
affect greenhouse gas emissions, or the redox state of Fe that 
may lead to P sequestration by attachment to sediments under 
oxic conditions or release under anoxic conditions that can fuel 
harmful algal blooms (HABs). Process interactions can be either 
synergistic or antagonistic, resulting in positive or negative 
effects. For example, antibiotic inhibition of microbial processes 
in watersheds can inhibit or delay biogeochemical processes 
considered relevant to ecosystem health and can couple with 
hydraulic transport to downstream reaches, where subsequent 
processes may differ from upstream processes. Coupled 
constituents and processes are relevant to all stakeholders 
concerned with ecosystem health and can be considered 

Figure B1.  Diagram of coupled nutrient-carbon processes and their effect on aquatic eco-health. 
Inner circle coupled interactions (red arrows) have substantial consequences and feedback on 
key ecosystem functions and characteristics (blue arrows). Modified from Finzi and others (2011). 
C, carbon; N, nitrogen; P, phosphorus; HABs, harmful algal blooms.
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essential for modeling the overall effect of water quality and 
contaminants on ecosystems and for addressing impairment of 
aquatic ecological health (Finzi and others, 2011; Bruggeman and 
Bolding, 2014).

Status of Knowledge and Key Limitations

A summary of C-N-P constituents, their relevance to aquatic 
ecosystem health, and stakeholder level of concern is provided 
in table B1. The table provides information about primary 
constituents of concern, connections to potential aquatic and 
human impairments, and EPA rankings under nationwide Clean 
Water Act of 1972, in section 303(d) (CWA; 33 U.S.C. 1251 et 
seq.; https://www.epa.gov/tmdl) listings (EPA, 2017).

There has been substantial progress in characterizing 
sources and predicting the movement and attenuation of key 
constituents, particularly N, across the landscape and through 
surface water networks (National Research Council, 2002; 
Schmadel and others, 2019). Ecosystem syndromes such as 
excessive algal growth, high turbidity, hypoxia, and HABs 
often result from the combined effects of excess N, P, and 
OC coupled with high temperature and long residence times 

https://www.epa.gov/tmdl
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(Community Coordinating Group on Integrated Hydro-
Terrestrial Modeling, 2020). Identifying and separating the 
role of contemporary and legacy sources of nutrients is a key 
concern. Distinguishing these sources requires understanding of 
complex hydrogeochemical interactions. For example, legacy P 
export depends on a soil’s mineral composition, organic matter 
content, and redox conditions (Stackpoole and others, 2019). 
Out-of-balance behaviors such as HABs suffocate aquatic 
communities, threaten water supplies and increase treatment 
costs, endanger recreation, lower property values, and pose 
long term challenges to biologically diverse and sustainable 
water resources. The USGS and other Federal agencies are 
only beginning to formulate an effective strategy for improving 
nationwide capabilities for predicting excess nutrients, hypoxia, 
and HABs (Community Coordinating Group on Integrated 
Hydro-Terrestrial Modeling, 2020).

A lack of understanding of coupled processes has resulted 
in substantial limitations for predicting and managing aquatic 
ecological health. For example, coupled nutrient-C reactions, 
ancillary physicochemical drivers such as temperature, 
redox, and pH, or coupling between physical processes 
such as residence time and reaeration of water bodies may 
have dominant outcomes for ecological health. “One of 
the most challenging steps in the development of coupled 

Table B1.	  Summary of nutrient-carbon constituents, relevance to aquatic ecosystem health, and previous findings from the U.S. 
Environmental Protection Agency rankings (2017).

[DOC, dissolved organic carbon; TOC, total organic carbon; O, oxygen, Cl, chlorine; EPA, U.S. Environmental Protection Agency; HABs, harmful algal 
blooms; 303(d), Clean Water Act Section 303(d); TDN, total dissolved nitrogen; TN, total nitrogen; %, percent; NH4, ammonium; N, nitrogen; NH3, 
ammonia;  mg/L, milligrams per liter; NO3, nitrate; Fe, iron; P, phosphorus; TP, total phosphorus; TDP, total dissolved phosphorus or orthophosphate.]

Constituent Relevance to aquatic ecosystem health Previous findings1

DOC, TOC: including particulate organic carbon 
derived from in-stream and terrestrial sources 
strongly influenced by flow, agriculture, and 
urbanization; often stormflow generated from 
soils, wetlands, ponds, and reservoirs.

Fuels bacterial respiration which consumes O and 
may contribute to hypoxia; may affect nutrient 
availability for algae growth; binds with 
metals; reacts with Cl to form carcinogenic 
disinfection byproducts.

EPA does not specifically rank these 
constituents, but implicitly DOC and 
TOC are linked to nutrient, O, and 
eutrophication concerns.

Nutrients: fertilized agricultural and suburban 
areas, livestock pens and waste ponds, 
wastewater treatment plants, sewer, and septic.

Can lead to HABs, hypoxia/anoxia. EPA-303(d):
Ranks 2nd in national ranking of reported 

impairments; Ranks 6th as a “top 5” 
concern in 19% of large river basins. 

TDN/TN:  includes sources above as well as 
atmospheric deposition.

Can lead to HABs, hypoxia/anoxia. EPA found 43% of national stream miles 
were of poor quality for TN in 2013–
2014 and no change over 2008–2009.

NH4: fertilizers, decomposition of organic 
matter, gas exchange, animal and human 
waste, N fixation, municipal effluent, 
atmospheric N deposition.

Toxic buildup in tissues and blood; pH and 
temperature can affect toxicity; can lead to 
HABs.

EPA: NH3 can be toxic to aquatic plants, 
invertebrates, and fish at concentrations 
less than 1 mg/L.

NO3: fertilizers, animal and human waste, 
municipal effluent, atmospheric N deposition.

In drinking water—in the body, nitrate reduced 
to nitrite which reacts with Fe in hemoglobin 
causing methemoglobinemia (blue baby 
syndrome); can also lead to HABs.

EPA: NO3, in conjunction with P, accelerates 
eutrophication; can lead to changes in 
aquatic species composition.

TP, TDP: Wastewater treatment; fertilizer; septic 
systems; animal manure runoff; also includes 
geogenic sources.

Can lead to HABs, increased biological O 
demand.

EPA found 58% of national stream miles 
were of poor quality for TP in 2013–
2014, up from 47% in 2008–2009.

hydrodynamic-biogeochemical models is the combination 
of multiple, often incompatible computer codes that describe 
individual physical, chemical, biological and geological 
processes” (Bruggeman and Bolding, 2004, p 249). Often there 
is a failure to recognize that N in the environment does not 
solely function as a nutrient as in the case where it is an electron 
acceptor in redox reactions. While individual N and P cycle 
processes are important, there are also abundant interactions 
with constituents that control their fate and transport throughout 
the hydrosphere by affecting N and P speciation and physical 
state. These processes often are coupled to the fate and transport 
of water quality constituents such as DOC and POC (Strauss 
and Lamberti, 2000). Stoichiometric relationships in biological 
uptake may drive proportional removal of N and P from flowing 
waters that lead to nutrient limitations for particular biological 
communities (Glibert, 2017). Furthermore, Fe and Mn 
precipitates on sediment that sequester or mobilize particular 
forms of N and P, subject to redox or pH conditions (Taguchi 
and others, 2020).

Microorganisms are coupled to numerous biogeochemical 
cycles in the environment (Falk and others, 2019) and microbial 
functional diversity is recognized among microbial ecologists 
as an essential link between biodiversity patterns and ecosystem 
functioning (Escalas and others, 2019). However, despite the fact 

1Information from EPA, 2017.
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that biogeochemical cycles have coevolved and often directly 
affect the outcome of one another, these cycles and the associated 
microbial communities are often studied in isolation (Falkowski 
and others, 2008). Excessive nutrient and contaminant inputs to 
ground and surface waters from urban and agricultural land use 
activity can have dramatic effects on the microbial community 
composition and function and ultimately on water quality 
processes and ecosystem health. Microorganisms can serve 
as buffers against certain legacy pollutants or as bioindicators 
of stressed ecosystems. While the microbial community can 
adapt by using gene transfer mechanisms and functional 
redundancy, taxonomic and functional diversity indices can be 
used to assess increased or decreased stressors to a particular 
environment. “Investigations into active transcripts associated 
with nitrogen metabolism are key to understanding site-specific 
nutrient dynamics and ecosystem health” (Weisener and others, 
2017, p. 702). By understanding how the microbial community 
responds to environmental stressors, researchers and managers 
can better predict how a particular environment will be able to 
respond to physical-chemical-biological drivers such as excess 
nutrients, chemical contaminants (for example, PFAS [per- and 
polyfluoroalkyl substances], antibiotics, nitrapyrin), and pathogens 
(Graham and others, 2016; Woodward and others, 2021).

Priority Knowledge Gaps in Coupled 
Nutrient-Carbon Processes Affecting 
Ecological Health

The USGS identified three main gap categories within this 
key topic. Detailed descriptions of each gap are presented in the 
following sections:
5.	 Multi-factor N, P, and labile C sources interacting with 

eco-flow drivers,

6.	 Redox processes controlling storage, processing, and release 
of N, P, Fe, As, and other contaminants,

7.	 Interaction between nutrient cycles and contaminants of 
emerging concern (CECs).

A summary of gaps, approaches, and expected outcomes is 
in table B2.

Gap 1. Multi-factor Nitrogen, Phosphorus, and 
Labile Carbon Sources Interacting with Eco-Flow 
Drivers

Key limitations in our understanding of coupled nutrient-
carbon cycle processes include multi-factor N, P, and labile  C 
sources and interactions with eco-flow drivers (includes 
river water residence time; reservoir storage; reaeration; 
water column light availability; associated thresholds 
controlling onset, severity, and duration of HABs and hypoxia/
eutrophication and other adverse effects for ecosystems).

Spatial and Temporal Distributions of Labile 
Organic C Sources and Their Role in Coupled 
C-N-P Metabolic Reactions

Dissolved and particulate organic carbon (DOC, POC) 
are complex collections of thousands of different compounds 
with distinct chemical properties and turnover times that vary 
from minutes to millennia (Abbott and others, 2016). They 
provide a primary food source for food webs and can be highly 
reactive (“labile”). DOC and POC enter aquatic systems from the 
surrounding landscape with runoff and groundwater flows and 
are internally produced through in situ processes. Labile portions 
of OC are rapidly metabolized and assimilated as biomass or 
respired as CO2 or methane (CH4), while less labile OC persists and 
may accumulate or be transported to downstream environments. 
Metabolism of OC is tightly coupled with transformations in 
the N cycle, including denitrification (nitrate reduction to N2) 
(Seitzinger, 1988; McClain and others, 2003), ammonification 
(Schlesinger, 1997), and nitrification (oxidation of ammonium 
[NH4] to nitrate [NO3

−]) (Strauss and Lamberti, 2000, 2002). The 
availability of labile (aka “biodegradable”) OC at any given place 
or time has important implications not only for C dynamics but 
also for N dynamics of aquatic ecosystems (for example, Wickland 
and others, 2012). For example, the presence of relatively high 
concentrations of labile or biodegradable DOC (BDOC) can 
lead to anoxia and nitrate reduction to ammonium (dissimilatory 
nitrate reduction, DNRA). Intermediate concentrations of BDOC 
often result in anoxia to suboxia and nitrate reduction to N gas 
(denitrification), while relatively low concentrations of BDOC will 
usually only couple to O consumption (aerobic respiration). The 
latter case will only consume nitrate in an assimilatory capacity. 
Conditions can exist in which mixed couples occur together in 
competition with each other, such as DNRA and denitrification. 
Simply quantifying DOC concentrations alone will not resolve 
the relative biodegradability of the DOC or the extent to which 
the DOC-nitrate reduction couple (that is, the potential for nitrate 
removal) could be occurring. Coupling between C and P cycling 
in freshwater systems is relatively less understood. However, there 
is evidence of close coupling of these cycles in freshwater aquatic 
microbial communities where labile soluble organic C enrichment 
can enhance microbial alkaline phosphatase production and thus 
increase P remineralization by organo-phosphate hydrolysis 
(Anderson, 2018). A comprehensive assessment of labile OC 
sources and degradation rates in aquatic systems, and spatial and 
temporal variabilities in systems of interest is necessary to accurately 
model coupled metabolic reactions and nutrient dynamics.

Relation Between Watershed Carbon, Nitrogen, 
and Phosphorus Biogeochemical Processes and 
Development of Harmful Algal Blooms

Nutrient concentrations and speciation are considered to 
be key components in the development of HABs (Gardner and 
others, 2017). The relations between N speciation, N:P ratios, 
and algal blooms are poorly understood, however. Nitrogen 
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cycle processes can control N speciation in sediments (Li and 
others, 2019), across the groundwater-surface water interface 
(Harvey and others, 2013; Smith and others, 2019), in suspended 
sediment (Xia and others, 2017), and alter diel N oxidation-
reduction processes in lake water (Chen and others, 2021). These 
processes can also affect P transport, as denitrifying bacteria 
can sequester P intracellularly (Zaman and others, 2021) and 
potentially translocate P downstream to receiving lakes and 
reservoirs. Most water quality studies document total P, but much 
less is known regarding partitioning between aqueous and sorbed 
P and between organic and inorganic P. The dynamic nature of 
N:P ratios can alter the biodiversity of the microbial community, 
growth rates and trophic interactions. Yet, an understanding of 
which forms of N and P have the greater effect (as well as when 
and where) remains elusive. More research could incorporate 
nutrient inhibition, external stresses (light, temperature), and the 
resultant physiological response (Glibert, 2017). Furthermore, 
the development of hypoxia is related to high O2 consumption 
during decomposition of OC from high algal production and 
leads to more acidic waters from the very high levels of CO2 
that are produced (Howarth and others, 2011). Perturbations 
to the carbonate cycle have been shown to affect the health of 
aquatic organisms particularly in estuarine systems (Green and 
others, 2009), but the full effects are not well known. Detailed 
understanding of N, P, and C sources, speciation, and processes 
in both surface and groundwater (Brookfield and others, 2021) 
could be developed in conjunction with studies monitoring HABs 
occurrences in lotic and lentic waters.

Beyond Streamflow for Prediction of Ecologically 
Relevant Flow and Physical Metrics

Streamflow is important for predicting water and constituent 
conveyance to downstream areas as well as quality of ecological 
habitat (Poff and others, 1997; Arthington and others, 2010; Eng 
and others, 2013). However, streamflow is far from complete as a 
predictor of the physical controls on water-quality and ecological 
functions of river corridors (Dunne and others, 1998; National 
Research Council, 2002; Jones and Stanley, 2016; Appling and 
others, 2018). For example, there is a gap in estimating river travel 
time (and average reservoir residence time) along with associated 
mixing and oxygen reaeration processes, and flood inundation 
processes (Scott and others, 2019) which have an important role in 
models of water-quality and ecological functions of the Nation’s 
rivers and reservoirs (Harvey and Gooseff, 2015; Harvey and 
others, 2019; Harvey and Schmadel, 2021).

Gap 2. Redox Processes Controlling Storage, 
Processing, and Release of N, P, Fe, As, and 
Other Contaminants

This gap involves redox processes controlling storage, 
processing, and release of N, P, Fe, As, and other contaminants. 
This includes physical drivers (for example, reaeration), 
geochemical (for example, contact with geochemically reducing 

sediments), and biological (for example, high labile carbon 
inputs) interactions in wastewater and septage ponds managed 
for water reuse, river-bank filtration zones, sediment retention 
ponds, reservoirs, and so forth.

Nitrogen, Phosphorus, Iron, and Arsenic 
Interactions in Wastewater and Septage Disposal

Nitrogen and P are common constituents in wastewater 
and septage disposal. The oxygen consuming capacity of those 
waters often results in anoxic zones in which P and geogenic 
As and Fe are solubilized and mobilized as a result of these 
disposal practices. If nitrate enters these zones, nitrate reduction 
can be coupled to Fe oxidation, leading to anoxic production of 
Fe oxides, which have the capacity to remove As, P, and other 
organic contaminants that can sorb onto the Fe oxides (Smith 
and others, 2017; Jamieson and others, 2018; Liu and others, 
2019). Iron oxidation at oxic-anoxic boundaries can have the 
same effect, producing Fe oxides resulting in co-contaminant 
removal at the boundary interface. Thus, assessment of coupled 
processes is an important component for understanding 
co-contaminant transport and interaction in key water supply 
sources, wastewater disposal and reuse practices, wetlands, and 
groundwater-surface water interfaces. Studies could be done to 
determine rates of reaction, the sorption capacity, long-term fate 
of the sorbed constituents, and the extent to which Fe oxidation 
coupled to nitrate and (or) oxygen reduction occurs throughout 
the Nation’s water supplies.

Gap 3. Interaction Between Nutrient Cycles and 
Contaminants of Emerging Concern

Interaction between nutrient cycles and contaminants of 
emerging concern (CECs), includes domestic and agricultural 
antibiotic effects on biogeochemistry, ecosystem metabolism, 
and co-contaminant fate and transport (such as microplastics 
effects on C and N processes).

Effects of Antibiotics (Domestic and Agricultural) 
on Water and Sediment Biogeochemistry and 
Co-Contaminant Fate and Transport

Natural and constructed wetlands are now used 
extensively across the United States as a means for mitigating 
nitrate losses to both surface and groundwater. While the 
use of wetlands as a treatment approach for nitrate-N is well 
known, the rates of nitrate removal and the ultimate fate of 
the nitrate-N are highly variable. Furthermore, N is not the 
sole contaminant that wetlands encounter. The presence of 
waterborne antibiotics, originating from both domestic and 
agricultural sources, is becoming increasingly common and 
can have an important effect on N cycle processes (Zou and 
others, 2019; Xu and others, 2020; Xu and others, 2021). 
The environmental consequences of these biologically active 
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compounds on the fate and transport of N can potentially 
be significant but are only beginning to be investigated. 
Controlled laboratory and field studies could be done to 
document the effect of antibiotics on the relative rates of N 
cycling processes in aquatic systems.

The effects of antibiotics on microbial communities are 
complex. Antibiotics can have a direct effect on the microbial 
community structure and also on the development and transfer 
of antibiotic resistance genes (ARGs), which have been 
considered pollutants of concern in recent years (Pruden and 
others, 2006). Chemical pollution (for example, antibiotics, 
heavy metals, biocides), physicochemical factors (for example, 
DO, salinity, TDN [total dissolved N]), and human activities 
(for example, wastewater treatment plants, agriculture, 
hospitals) can have dramatic influences on the propagation of 
ARGs (Yang and others, 2018). Studies focusing on antibiotics 
and nutrients could include approaches for determining the 
responses of microbial communities.

Interaction Between Nitrogen Cycle Processes 
and Contaminants of Emerging Concern 

A wide variety of CECs (defined here as including 
pharmaceuticals, agricultural products, and personal care products) 
and organic micropollutants (OMPs) occur in the Nation’s 
waters (Kolpin and others, 2002; Luo and others, 2014). Little is 
known about the effect of these chemicals on N cycle processes 
or, conversely, the potential for N redox reactions to degrade or 
assist in the degradation of CECs and OMPs in the environment. 
Those interactions that do occur could potentially be important 
for understanding the fate and transport of CECs and OMPs. 
Systematic studies including data reviews and lab experiments 
could be done to explore potential interactions. Nitrapyrin is one 
CEC that is known to inhibit nitrification and has been detected 
recently in rivers and streams in Iowa (Woodward and others, 
2016). The presence of nitrapyrin and (or) its degradants in a 
stream could affect N speciation, depending on the nitrapyrin 
concentration, with concomitant effects on N transport, 
microbial community structure and function, and downstream 
eutrophication. Nitrification has also been shown to biotransform 
OMPs containing alkyl, aliphatic hydroxyl, ether, and sulfide 
functional groups as well as substituted aromatic rings and 
aromatic primary amines (Su and others, 2021).

Effect of Microplastics on Carbon, Nitrogen, and 
Phosphorus Biogeochemical Processes

Evidence suggests that micro and nanoplastics are 
abundantly present in the environment (Adomat and Grischek, 
2021; Lenaker and others, 2021) and that they can affect 
biogeochemical processes in sediment and wetland N cycling 
(Seeley and others, 2020; Zaman and others, 2021). The 
USGS has the in-house expertise to carry out experimental 
dosing studies to examine the effect of microplastics on 
N cycle processes. A wide variety of parameters could be 

quantified using microcosms, mesocosms, or contained in 
situ chambers to assess N cycling, C cycling, greenhouse 
gas emissions, primary productivity (that is, relative to 
HABs), redox chemistry, macro fauna uptake, and trace 
element chemistry in the presence of microplastics. Added 
to that could be an examination of responses by different 
sediment or environment types or differences in other water 
quality parameters. These experimental studies are needed 
in the short-term to guide large-scale monitoring of plastic 
contaminants and to provide parameters and thresholds needed 
for modeling the effects on water quality.

Approaches to Address Gaps in Coupled 
Processes Affecting Water Availability

Below we provide four suggested approaches that potentially 
can be used to address the coupled-process gaps described in the 
previous section. The range of potential approaches are generally 
the same for each of the identified gaps; approaches are listed in 
order of scale, starting with microbial community-level assessment 
of the drivers, mechanistic studies of coupled processes, then 
working up to the ecosystem level using comprehensive 
measurements of coupled constituents at fixed stations, and finally 
to broader regional-scale assessments mapping N, P, C, and 
related eco-flow metrics across multiple scales. A final selection 
of approaches might involve one or more elements of each that 
will need to be tailored for any particular gap. A summary of gaps, 
approaches, and expected outcomes is provided in table B2.

Microbial Profiling

The use of metatranscriptomics (also known as “gene 
expression”) has become more common these days, going 
beyond determination of microbial community composition 
(metagenomics) and functional gene abundance (potential 
metabolism) to measuring gene expression to determine 
whether genes are being actively expressed or suppressed under 
specific environmental conditions. Whereas environmental 
deoxyribonucleic acid (DNA) sequencing can indicate the 
presence of a functional gene or a functional group of microbes, 
environmental ribonucleic acid (RNA) and gene expression 
(analysis of mRNA) indicates the active community and 
processes that are occurring within an environment, providing 
an assessment of the functional diversity of the community 
(Cristescu, 2019; Escalas and others, 2019; von Ammon 
and others, 2019; Cordier and others, 2021). These tools can 
be used to assess multiple biogeochemical processes and 
communities and link microbial functions to C, N, and P cycling 
processes. For example, coupling of chemical datasets with 
metatranscriptomics has been used to measure the response and 
coping mechanisms of the microbial community to xenobiotic 
stressors in sediments collected from the Detroit River (Falk 
and others, 2019).
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Table B2.	  Summary of prioritized U.S. Geological Survey (USGS) knowledge gaps, approaches, and expected outcomes for water 
quality drivers of aquatic ecosystem health.

[C, carbon; N, nitrogen; P, phosphorus; HABs, harmful algal blooms; NO3, nitrate; O, oxygen; Fe, iron; As, arsenic; CECs, contaminants of emerging concern; 
chl-a, chlorophyll a.]

Gap Gap elements Why Approaches Outcomes References

Multi-factor N, 
P and labile 
C sources 
interacting with 
eco-flow drivers

Dominant sources of 
labile organic C.

C, N, P 
biogeochemical 
processes that 
promote HABs 
and hypoxia.

Need for ecologically 
relevant flow 
metrics beyond 
streamflow that 
predict eco-health 
(for example, river 
residence time, gas 
exchange, light 
attenuation).

C lability couples with 
N, P dynamics, 
affecting anoxia, 
HABs, and (or) NO3 
removal.

River residence time, 
mixing, and reaeration 
effects of dissolved 
O availability, redox 
status, contaminant 
concentrations, and 
balance between 
primary productivity, 
respiration, and 
nutrient reactions that 
influence outcomes 
for eco-health.

Coupled process and 
machine learning 
modeling studies to 
predict impact and 
recovery times of 
biological community 
structure and function 
following physical 
or water-quality 
disturbances.

Microbial profiling 
to link microbial 
community function 
with processing of N, 
P, contaminants.

More accurate 
assessment and 
modeling of 
HABs, hypoxia, 
water quality, 
and ecological 
functions.

Wickland and others, 
2012;

Gardner and others, 
2017;

Harvey and Schmadel, 
2021.

Redox processes 
controlling 
storage, 
processing, and 
release of N, P, 
Fe, As, and other 
contaminants

Wastewater/
septage disposal 
controlling 
downstream redox 
conditions and N, 
P, Fe, As cycling.

Redox controls on 
mobility and 
bioavailability of 
N and P.

P, As, Fe can be 
mobilized or 
removed from 
wastewater sources, 
depending on nutrient 
concentrations, oxic 
and anoxic status.

“Fast mapping” of 
streambed redox 
status and related 
eco-flow drivers (river 
residence time) to 
build eco-metrics for 
model inputs.

Improved modeling 
of contaminants 
relative to drinking 
water sources and 
wastewater reuse.

Smith and others, 
2017; 

Jamieson and others, 
2018; 

Li and others, 2019.

Interaction between 
nutrient cycles 
and CECs

Effect of antibiotics 
on water/sediment 
biogeochemistry.

Interactions with N 
cycle controlling 
CECs.

Effect of 
microplastics 
on C and N 
biogeochemical 
processes.

Antibiotics affecting 
pollutants of concern; 
N redox reactions 
may degrade CECs; 
microplastics 
affect nutrient 
biogeochemistry, 
potentially affecting 
HABs formation.

Integrated eco-health 
metrics (sensor-based 
metabolism and 
remote sensing of 
turbidity and chl-a) 
combined with 
eco-flow metrics 
(for example, river 
residence time, gas 
exchange, light 
attenuation) as proxy 
indicators of water 
quality threats to 
ecological health.

Comprehensive 
measurement 
of water-quality 
and eco-health 
predictors (dissolved 
oxygen in addition 
to temperature, 
nutrients, and 
specific conductance) 
to better serve 
stakeholder needs.

Improved prediction 
of N loads; 
improved 
understanding of 
CEC degradation; 
guide large-scale 
monitoring of 
microplastics

Pruden and others, 
2006; 

Luo and others, 2014; 
Adomat and Grischek, 

2021; 
Xu and others, 2021.
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Metatranscriptomics in combination with metagenomics 
can be used to assess changes to microbial processing of nutrients 
and other contaminants resulting from agricultural runoff, fires, 
HABs, other chronic or extreme events, and provide information 
on linkages between physical, hydrologic, and chemical processes. 
It can be used to answer questions such as:

•	 Does repeated or seasonal exposure to certain chemicals, 
such as seasonal application of agricultural chemicals, 
eventually lead to adaptation by the microbial community?

•	 How does the function of the microbial community change 
in the presence of mixtures of contaminants?

•	 How quickly does the microbial community recover after 
extreme events, such as floods, wildfires, and so forth?

Mechanistic Studies of Coupled Processes

Quantitative information about kinetics of coupled 
processes and environmental factors that control process rates 
is essential information for predicting and understanding the 
function of the processes relative to water quality assessment 
and ecosystem health. Mechanistic studies of coupled processes 
can be conducted in controlled laboratory settings using freshly 
collected environmental materials (soil, sediment, water, biofilms, 
and so forth) to quantify potential rates of reactions, competition 
between various reaction couples, and responses to experimental 
manipulation (for example, temperature, substrate concentration, 
presence of other contaminants). These experiments control 
environmental variables that might occur across time and space 
within a watershed and quantify process response. Such results 
are extremely important for interpreting bulk changes in water and 
sediment geochemistry and for predicting effects of disturbances 
or other environmental changes. Field experiments, utilizing 
chemical and isotopic tracers, and carried out in conjunction with 
laboratory experiments, could provide invaluable information 
regarding in situ processes and rates. Reach-scale and hyporheic 
zone field experiments using conservative and reactive tracers 
have been used to measure denitrification rates (Böhlke and others, 
2009; Harvey and others, 2013) as well as methane and nitrous 
oxide emissions (Smith and Böhlke, 2019) in streams heavily 
affected by agricultural inputs. Systematic experimental sampling 
across a watershed can incorporate process differences related 
to hydrology, landscape setting, groundwater inputs, sediment 
types, and contaminant exposures. Such an approach is also 
needed to integrate and scale up the effects of coupled processes 
from local to more regional settings, which is a major gap in our 
understanding of the role that coupled processes have in region-
wide ecosystem health.

Comprehensive Measurements of Coupled 
Constituents at Fixed Stations

The USGS currently operates approximately 2,100 water 
quality stations around the country, with more to be added under 

the Next Generation Water Observing Stations (NGWOS) 
program. These stations can be equipped with a wide array of 
instrumentation that encompasses the range of parameters of 
interest in multi-constituent process studies, including multi-
parameter sondes measuring water temperature, pH, specific 
conductance, dissolved O, turbidity, fluorescent dissolved organic 
matter (FDOM), and chlorophyll coupled with dissolved nitrate, 
phosphate, and carbon dioxide sensors. While NGWOS stations 
often have the purpose to integrate signals over large river basins, 
focus could also be directed towards comparing small watersheds 
with contrasting characteristics. Comprehensive measurements 
at both NGWOS and smaller scale watersheds could improve 
understanding and parameterization of watershed responses 
to N-P-C drivers. High frequency continuous sensor output 
measurements can help resolve processes such as metabolism, 
gas emissions, and so forth, which vary over short time scales 
(diel, high-flow, seasonal) that may not be resolved with discrete 
sampling protocols. Increasing and improving discrete sampling 
and analysis is also needed, however, to improve integrated 
constituent studies. Discrete sampling is essential for measuring 
important and informative chemical parameters (for example, 
isotopes of various constituents) that cannot be analyzed 
continuously or remotely. Added to this will be demands for new 
analytical capabilities as new contaminants of concern arise. 
The wealth of information collected from NGWOS stations and 
small watersheds can be leveraged with mapping and lab/field 
process studies in the two approaches described above and in the 
next approach to provide modelers with information crucial to 
model development, and to provide stakeholders with the data and 
interpretation necessary to make informed decisions.

Mapping of Nitrogen, Phosphorus, Carbon, and 
Related Eco-Flow Metrics Across Multiple Scales

The USGS NGWOS fixed-location water quality stations 
do not represent the full continuum of stream reach conditions 
(Crawford and others, 2016). A multi-scale approach could 
adequately address nutrient and C processing in rivers from 
the small watersheds hosting a single fixed-station to large 
basins hosting a number of fixed-stations scale. This scaling 
approach could provide modelers and stakeholders with an 
integrated “picture” of nutrient-C processing to facilitate model 
development and decision making. Better information about 
the geographic setting of freshwater resources is also needed to 
enhance our understanding of the scale, rate, and consequences 
of coupled biogeochemical reactions. The ongoing expansion of 
data collection including standard techniques along with rapidly 
developing new laboratory capabilities, high-frequency continuous 
sensor output and high-spatial resolution tools, remote sensing, 
and unmanned vehicles offers an unprecedented opportunity to 
describe aquatic resources more fully across the United States.

The tools that are currently available for estimation of 
river travel time and reservoir residence time throughout the 
United States are outdated and based on limited data sources 
(Harvey and Schmadel, 2021). Travel time estimates are 
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essential for tracking how water-quality disturbances are 
propagated to downstream areas. Numerous stream tracer tests 
have been carried out in the past 60 years in the United States, 
but results have not been synthesized and analyzed to produce 
a model estimator for downstream propagation, dispersion and 
dilution, and for estimates of the time required for water-quality 
disturbances such as river spills to clear from the river corridor. 
Improved travel-time estimation can advance the prediction 
of water availability at any scale. Examples include (1) 
apportioning river contaminant loading and removal rates across 
watersheds, states, and regions; (2) incorporating contaminant 
legacy storage times and releases back to river corridors in 
water quality models; and (3) predicting downstream effects of 
water quality disturbance with early warning for downstream 
water users.

Remote sensing has been used to measure stream 
parameters such as width, depth, and streamflow, but recent 
advances in sensor technology and data processing are setting 
the stage for an expansion of remote sensing as a tool for 
mapping water quality from the scale of rivers down to a 
few meters (Tomsett and Leyland, 2019; Topp and others, 
2020). Sensor data is becoming more available from platforms 
including satellites, manned aircraft, and uncrewed aerial 
vehicles (UAVs or drones). Published research has already 
shown the promise of remote sensing in modeling N and P 
(Lillesand and others, 1983; He and others, 2008; Torbick and 
others, 2013), dissolved O (Wang and others, 2004; Toming 
and others, 2016), and heavy metals (Choe and others, 2008; 
Fichot and others, 2016). Remote sensing has also been used 
to map chlorophyll a (Duan and others, 2007) and harmful 
cyanobacteria (Kudela and others, 2015; Oyama and others, 
2015), total suspended sediment (Telmer and others, 2006; 
Riaza and others, 2012; Brando and others, 2015), colored 
dissolved organic matter (CDOM; a proxy for DOC and 
possibly methylmercury) (Griffin and others, 2011; Fichot 
and others, 2016), and water clarity (Olmanson and others, 
2008; Sheela and others, 2011). While limitations with these 
technologies exist regarding repeatability, accuracy, and data 
processing, we are in a “golden age” of remote sensing as it 
applies to rivers (Tomsett and Leyland, 2019), and the USGS 
has the expertise to meet these challenges and be a leader in 
this field. Remote sensing of water quality needs continual 
improvement through ground-truthing measurements. This 
is another area where USGS has led the field, demonstrating 
the utility of high-speed high-resolution mapping of rivers for 
a number of water quality parameters (Crawford and others, 
2015), including nitrate (Loken and others, 2018) and nitrous 
oxide (Turner and others, 2016). Boats can be equipped with 
water quality sensors that include temperature, conductance, 
O, pH, CDOM, turbidity, total algae, chlorophyll a, nitrate, 
ammonia, nitrous oxide, carbon dioxide, and methane. These 
boats equipped with multi-parameter sondes have the advantage 
of being able to map entire stretches of river such as the upper 
Mississippi (Crawford and others, 2016; Turner and others, 
2016; Loken and others, 2018). The systems are mobile, 
allowing the mapping of river conditions across watersheds at 

various scales. They can also be used seasonally and on short 
notice, such as during storm or flooding events, HABs, and 
contamination events, and they can be timed to coincide with 
airborne and satellite overflights. They not only provide ground-
truthing for remote sensing but can locate hot spots of coupled 
nutrient-C cycling such as wastewater disposal sites, drinking 
water treatment facilities, and tributary confluences and provide 
a river-scale method for calculating greenhouse gas emissions. 
Combined with the nutrient-C process studies described in 
previous sections above, this multi-scale data collection/
mapping effort aligns with USGS WMA program goals for 
aquatic eco-health and water quality management moving into 
the future.

Timelines
Proposed timelines of prioritized USGS approaches to 

closing knowledge gaps for water quality drivers of aquatic 
ecosystem health are summarized in table B3.

Near-Term (2-Year) Advancements

	 1.	 Microbial Profiling: Incorporate DNA and RNA sampling at 
USGS Integrated Water Science (IWS) basins, perhaps the 
Illinois River Basin where anthropogenically-affected waters 
and sediments are evident. These studies could be combined 
with the exploratory mechanistic studies of coupled 
processes to assess how the microbial community adapts to 
changing conditions by exploiting new pathways and (or) 
employing stress-response mechanisms. A few USGS labs 
currently have the tools and expertise to extract and analyze 
samples for DNA, RNA, and gene abundance (for example, 
Laboratory and Analytical Services Division [LASD], 
Geology Energy and Minerals [GEM], and Upper Midwest 
Water Science Center [WSC]). Microarrays or geochips can 
simultaneously measure the expression level of thousands 
of functional genes important to biogeochemical processes 
or can identify gene changes in response to contaminants or 
other organisms.

	 2.	 Mechanistic Studies: Focus on C-N-P coupling in detail in 
a selected WMA IWS basin with exploratory experiments 
to test the effects of target CECs and OMPs found in the 
basin. Emphasis could be placed on deriving rate constants, 
temperature and other seasonal effects, and key locations for 
biogeochemical processing in the watershed (headwater vs. 
large channel streams, bed sediment vs. suspended sediment, 
gaining vs. losing groundwater reaches). This would include 
collaboration with modelers to begin incorporating results 
into process/transport models.

	 3.	 Comprehensive measurements of coupled constituents 
at fixed stations, focusing on IWS basins: Conduct 
regular sampling and analyses of high-priority N, C, and 
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P constituents to complement and ground-truth sensor 
data at select fixed stations in NGWOS basins. Install 
“experimental sensors” that are not core NGWOS sensors 
at select fixed stations for testing and verification. Identify 
one or more reaches between fixed stations for intensive 
mechanistic studies to link sources and in-stream processes 
to observations at fixed stations across scales. Identify 
areas of regional groundwater inputs and design and install 
sampling wells and (or) multi-level samplers, along with 
streambed temperature arrays, at select input locations. This 
work could focus on IWS basins and can expand to other 
geographic areas of scientific interest.

	 4.	 Enhanced across-scale mapping of nutrients and carbon: 
Building on expanding USGS sensor networks, remote 
sensing offers low-hanging fruit including the AquaSat 
database (Ross and others, 2019), a set of 600,000 
Landsat spectral reflectance measurements paired with 
field measurements of total suspended sediment, DOC, 
chlorophyll a, and secchi depth. This data set could be mined 
to examine remote sensing-water quality relationships, and 
aid in processing and modeling approaches. In addition, 
boats could be easily outfitted to run as high-speed 
measurement platforms to begin ground-truthing and 
creating heat maps for decision makers.

	 5.	 Assimilation and analysis of underutilized channel corridor 
data to estimate ecologically relevant flow and physical 
metrics beyond streamflow: Across-scale estimation of 
eco-flow metrics in all rivers and reservoirs of the Nation 
would be instrumental in coupled nutrient-carbon-and 
eco-flow modeling that makes use of the enhanced sensor 
networks and remote sensing described above in item 4 
“Enhanced across-scale mapping of nutrients and carbon.” 
Priority eco-flow drivers beyond streamflow include:

•	 River and reservoir travel time (residence time) as well as 
river and reservoir depth and volume as they vary with 
streamflow;

•	 longitudinal mixing by dispersion as well as vertical 
water mixing which influence dilution of constituent 
concentrations and contact with reactive bed sediments;

•	 turbulence and vertical mixing and its effects on oxygen 
reaeration which lessens metabolic stress on organisms 
and decreases the probability of hypoxia;

•	 off-channel exchange flows that lengthen the travel time 
and activate water-quality and ecological functions of 
backwaters, riparian wetlands, and floodplains, including 
providing low-flow habitat and prolonging low-flow 

Table B3.	  Timeline summary of prioritized U.S. Geological Survey (USGS) approaches to closing knowledge gaps for coupled nutrient-
carbon cycle processes and related ecological-flow drivers of aquatic health.

[yr, year; DNA, deoxyribonucleic acid; RNA, ribonucleic acid; C, carbon, N, nitrogen; P, phosphorus; IWS, Integrated Water Science; CEC, contaminant of 
emerging concern; NGWOS, Next Generation Water Observing Stations.]

Advancements Microbial profiling
Mechanistic studies of 

coupled processes
Coupled constituents at fixed 

stations
Mapping nutrients and carbon 

across multiple scales

Near-term
(2-yr)

Include DNA/RNA 
sampling at an IWS basin 
site using microarrays to 
measure the microbial 
community response to 
environmental stressors.

Measure physicochemical 
parameters that affect 
C-N-P coupled rates 
at a select IWS basin 
site, incorporate results 
into process/transport 
models.

Identify reaches between 
fixed stations for intensive 
mechanistic studies, install 
“experimental sensors” at 
select stations, install wells 
to monitor groundwater 
inputs.

Analyze remote sensing-
water quality data 
relationships to aid 
modeling, use new 
technological platforms 
to ground-truth models at 
select IWS basin site

Mid-term
(2- to 5-yr)

Utilize predictive biology 
software to incorporate 
microbial physiology and 
community dynamics into 
reactive and process-based 
transport models.

Assess nutrient-CEC coupled 
processes, incorporate 
early results in models, 
select other IWS basins 
for study.

Carry out seasonal and diel 
studies using tracer tests to 
identify coupled biological 
and geochemical processes, 
permanently install 
experimental sensors at 
select stations.

Utilize the increased data 
and imagery collection by 
NGWOS stations to inform 
model predictions and 
stakeholders.

Long-term
(10-yr)

Incorporate in situ 
automated molecular 
samplers into other IWS 
basin study sites

Expand lab quantification 
studies to other IWS 
basin sites, carry out 
field tracer tests to 
ground-truth process 
couple results and 
modeling efforts.

Expand capabilities to other 
NGWOS sites, incorporate 
measurement results into 
process-based models.

Use remote sensing and 
mapping platforms to map 
nutrients, C, and other 
parameters across multiple 
scales at all IWS basin 
sites
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season return flows from near-stream (riparian and 
floodplain) storages;

•	 contaminant releases from legacy storage areas near or 
within the river corridor that are currently unaccounted 
for in water quality models are needed to prioritize land 
conservation versus instream restoration practices; and

•	 light availability within water column influenced 
by turbidity and riparian and topographic shading, 
substantially affects algal growth and potential for HABs.

Mid-Term (2- to 5-Year) Advancements

	 1.	 Microbial profiling: Work with modelers to incorporate 
molecular results into reactive transport models. Predictive 
biology software such as KBase (Arkin and others, 2018) 
could be used for modeling microbial physiology and 
community dynamics.

	 2.	 Mechanistic studies could include other process couples 
pertinent to the selected basin, such as exploring the effect 
of microplastics and antibiotics on N, P, and C cycling 
as well as targeted studies during HABs events. Initial 
modeling using the first 2-year results could be conducted 
and compared with basin water quality data to test the 
development of the modeling and provide feedback on 
laboratory measurements and approaches. Also, selection 
of additional IWS basin(s) for expanding the study could be 
conducted.

	 3.	 Comprehensive measurements of coupled constituents 
at fixed stations: Analysis of reaches between fixed 
stations selected for detailed study, which would include 
comprehensive seasonal and diel investigations with 
tracer tests to identify coupled biological and geochemical 
processes in water and sediments, biological communities, 
and physical attributes of reaches. Permanent installation 
of “experimental sensors” at select fixed stations after 
verification and ground-truthing.

	 4.	 Mapping of nutrients and carbon across multiple scales: 
There will likely be significant advances in remote sensing 
of water quality parameters in the next five years, hopefully 
with progress in technical capabilities and processing 
capacity. The potential exponential increase in available 
imagery over that time frame, combined with a new influx 
of data from NGWOS stations and fast limnology missions, 
could provide massive amounts of information with which 
to inform modelers and decision makers.

Long-Term (10-Year) Advancements

	 1.	 Microbial profiling: Include the incorporation of in situ 
samplers into ecosystem monitoring programs. As pointed 
out in Cordier and others, (2021, p. 2940):

	 2.	 “For aquatic ecosystems especially, the next 
breakthrough of this revolution is now expected to be 
the development and deployment of low‐cost, automated 
and miniaturized in-situ environmental nucleic acids 
(eDNA and RNA) samplers (Carr and others, 2017; 
Gan and others, 2017). These may be integrated into 
autonomous instruments for broadscale and continuous 
ecosystem monitoring programmes (Brandt and others, 
2016; Bohan and others, 2017; Aguzzi and others, 2019; 
Benway and others, 2019; Levin and others, 2019).”

	 3.	 Mechanistic studies could include expanding the 
laboratory quantification efforts to other IWS sites, 
conducting field tests with tracers to ground truth the 
combined laboratory/modeling results, more detailed 
examination of process couples that were deemed 
relevant in the earlier tests, and application of the 
model(s) to other data-rich sites where laboratory 
process assessments have not been conducted to test the 
suitability for extrapolation. Work with remote sensing 
and prediction models to coordinate experiments with 
HABs events.

	 4.	 Comprehensive measurements of coupled constituents at 
fixed stations: Expand capabilities and measurements to 
other NGWOS sites for incorporation into statistical and 
process-based models.

	 5.	 Mapping of nutrients and carbon across multiple scales: 
We anticipate that within 10 years the USGS could be 
in a position to take advantage of all remote sensing and 
high-speed mapping platforms.

Expected Outcomes

•	 Improved biogeochemical modelling from process 
studies that will lead to increased predictive 
capabilities;

•	 New tools and methodologies as a result of advances 
in remote sensing connectivity to aquatic eco-health 
metrics;

•	 Broad applicability and transferability across reach, 
basin, region, and national scales, beginning with a 
proof-of-concept approach in the Illinois River IWS 
basin;

•	 Serves WMA priorities through synergy with Integrated 
Watershed Availability Assessments (IWAA), IWP, and 
NGWOS program goals;

•	 Serves stakeholders and decision makers through 
improved mapping capabilities that help visualize 
annual, seasonal, and storm trends as well as 
identifying hot spots and other areas of concern.
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Purpose and Scope
This chapter addresses knowledge gaps that, if filled, could 

improve predictions of aquatic ecosystem health as affected by 
anthropogenic and geogenic contaminant bioexposures. The gaps 
identified in this chapter are not intended to be comprehensive but 
are instead focused on key opportunities to fill those gaps for the 
U.S. Geological Survey (USGS) Water Resources Mission Area 
(WMA, https://www.usgs.gov/mission-areas/water-resources). 
Anthropogenic and geogenic contaminant effects on beneficial 
uses of water are not addressed in this chapter but are covered in 
Chapters C and D of Tesoriero and others (2024), the companion 
Open-File Report to this publication.

Statement of the Problem
Aquatic organisms are exposed to anthropogenic and 

geogenic contaminants (AGC) in water bodies via direct 
contact and (or) through diet, a process globally defined here 
as bioexposure. AGCs negatively affect aquatic ecosystems, 
including species diversity, and resiliency to water hazards 
(Chapman and others, 2010; Brack and others, 2019; Zhang and 
others, 2023). The economic effects of AGCs are significant due 
to the costs of restoration and mitigation of U.S. Environmental 
Protection Agency (EPA) Superfund sites, necessary infrastructure 
upgrades to wastewater and drinking water facilities, and loss of 
recreational and commercial fisheries (EPA, 2016, 2017, 2021a, 
2021b). Furthermore, there are undesired consequences from 
water management projects (for example, water diversions) and 
habitat restoration where concentrations of AGCs may be altered, 
causing greater ecosystem harm (for example, wetland restoration 
enhancing mercury [Hg] methylation) (Chapman and others, 2010).

Water bodies where concentrations of some AGCs exceed 
established state water quality standards are listed under section 
303(d) of the Clean Water Act (CWA; 33 U.S.C 1251 et seq.; 
https://www.epa.gov/tmdl), whereby States are required to 
rank and prioritize those waterbodies for the development of 
total maximum daily loads (TMDL). Following nutrients and 
sediments, AGCs such as Hg are listed as a primary cause of a 
water body being listed under the CWA. Yet, there are challenges 

associated with the CWA listing and the TMDL process. Federal 
and State water quality standards may not exist for AGCs detected 
in the water body, and for those that do have existing standards 
they may not be strict enough to protect aquatic life and resources. 
Quantifying AGCs in the environment is only the first step in 
establishing the significance of the detected AGCs and how they 
affect aquatic ecosystem health. Studying and understanding 
uptake mechanisms of AGCs is key to predicting contaminant 
fate and minimizing toxic effects. Reducing and mitigating AGC 
in water bodies is complex and requires detailed understanding of 
physical, chemical, and biological processes controlling the fate 
and effects of AGC loads entering ecosystems.

Regulators and resource managers require understanding 
and tools for: (1) attributing AGC loads to their sources, 
(2) quantifying AGC concentrations in space and time, (3) 
quantifying and incorporating direct and indirect factors (for 
example, biotic, abiotic) controlling bioexposure into coupled 
hydrologic-biogeochemical models, (4) linking bioexposures 
and effects, and (5) predicting changes in AGC fate in response 
to changing human and natural influences. Addressing these 
needs requires an approach that integrates investigation of 
physical and biogeochemical processes with data collection and 
model development.

While there are many key limitations in our understanding 
of mechanisms of anthropogenic and geogenic bioexposures 
and how they affect human and aquatic ecosystem health, the 
ecosystem health gap analysis team for the WMA Water Quality 
Program identified the following four major gaps grouped by 
anthropogenic or geogenic contaminant class (table C1):

•	 Anthropogenic contaminants of emerging concern (CECs)

1.	 Major factors affecting human and aquatic 
organism health, and

2.	 Water quality assessment tools for aquatic 
organism and human health risk.

•	 Geogenic contaminants

	 1.	 Mechanistic understanding of uptake dynamics 
of geogenic contaminants for coupled hydro-
logic-biogeochemical watershed assessments 
and model development, and

https://www.usgs.gov/mission-areas/water-resources
https://www.epa.gov/tmdl
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Table C1.  The four major bioexposure knowledge gaps of water quality drivers of aquatic ecosystem health identified by the U.S. 
Geological Survey (USGS), grouped by anthropogenic contaminants of emerging concern (CECs) or geogenic contaminant class.

[WWTP, wastewater treatment plant; LC50, 50 percent lethality concentration; BAC, bioaccumulation coefficients; BCF, bioconcentration factors; QSAR, quantitative 
structure-activity relationship; EPA, U.S. Environmental Protection Agency; Kd, distribution coefficient; DOM, dissolved organic matter; IWS; Integrated Water Science.]

What Gap Why How References

Anthropogenic Contaminants

Major factors 
affecting human 
and aquatic 
organism health

Anthropogenic water 
use, specifically 
wastewater treatment 
plants (WWTP), 
which create 
complex mixtures 
of contaminants 
with unknown 
ecotoxicological 
effects.

WWTP discharge and toxicity 
benchmark data (that 
is, LC50, BAC, BCF) 
need to be consolidated 
in an accessible way to 
develop biogeochemical 
model parameters and 
improve understanding 
of bioexposure effects 
of complex mixtures of 
anthropogenic contaminants.

Laboratory-based aquatic 
organism feeding 
experiments in complex 
mixtures such as those 
in WWTP waters, along 
with in-situ mobile 
laboratory experiments 
to improve tools such as 
QSAR models.

Kolpin and others, 2002; 
Barnes and others, 2008; 
Focazio and others, 2008; 
Vajda and others, 2011;
Bradley and others, 2016; 
Croteau and others, 2016.

Water quality 
assessment 
tools for aquatic 
organism and 
human health risk

Understanding of 
anthropogenic 
contaminant 
bioexposure and 
uptake is lacking and 
major improvements 
to databases and 
water quality tools are 
needed.

Predictive capabilities of 
anthropogenic contaminant 
bioavailability are limited. 
An ever-expanding list 
of contaminants and the 
complex biogeochemical 
processes at play need to 
be better accounted for in 
widely used models.

Compilation of an 
expanded database of 
contaminants of concern, 
in combination with 
laboratory and field 
studies to improve 
prediction capabilities.

Development of screening 
tools including proxy 
measurements, 
computational toxicology 
tools and predictive 
modelling.

EPA, 2012, 2016, 2021a, 2021b; 
Faunce and others, 2023; 
Barber and others, 2022;
Pavan and Worth, 2008a & 

2008b;
Ortiz de García and others, 2013; 
Omar and others, 2016;
Fischer and others, 2017;
Brack and others, 2019.

Geogenic Contaminants

Mechanistic 
understanding of 
uptake dynamics 
of geogenic 
contaminants 
for coupled 
hydrologic-
biogeochemical 
watershed 
assessments and 
model development

Methods to enhance 
understanding of 
factors and processes 
controlling uptake 
and bioavailability 
of geogenic 
contaminants 
for watershed 
assessments of 
risk and predictive 
modeling.

Partitioning of geogenics based 
on traditional assessments of 
total concentrations in water 
and particulate matter (that 
is, Kd) do not adequately as-
sess risk at levels required by 
the regulatory community or  
numerically predict bioac-
cumulation in nature across 
a range of environmental 
conditions.

Field analysis of chemical 
speciation (that is, 
redox state, complexes), 
preservation, particle 
characteristics and 
hydrologic residence 
time along hydrologic-
geochemical gradients 
coupled with chemical 
speciation modeling. 
Verify process controls on 
biouptake by laboratory 
feeding studies.

Luoma and Rainbow, 2009;
Mebane and others, 2020;
Ponton and others, 2020;
Stewart and others, 1999;
Croteau and others, 2005b & 

2016.
Nowell and others, 2014;
Sangion and Gramatica, 2016.

Bioavailability 
and toxicity of 
organometallic 
complexes

Assess the bioavailability 
toxicity of metal-
dissolved organic 
matter complexes, 
on a basin-by-basin 
case and incorporate 
results into more 
robust geochemical 
and ecotoxicological 
models.

Current models only account 
for total metal concentrations 
and the fraction that 
binds to biotic surfaces. 
Studies highlight that these 
complexes may be more 
bioavailable than believed 
and our understanding of 
metal uptake and toxicity 
needs updating.

A variety of in-situ and 
laboratory-based 
experiments to measure 
metal-DOM complex 
uptake and toxicity at 
the base of the food web 
(that is, microbes, algae). 
Experiments will vary 
with respect to metal, 
DOM source and biota 
based on IWS basin site 
specific needs.

Lamelas and others, 2005;
Wang and others, 2019;
Mebane and others, 2020;
Stewart and Malley, 1999;
Roditi and others, 2000;
Sánchez-Marín and others,  

2007;
Parkhurst and Appelo, 2013.
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	 2.	 Bioavailability and toxicity of organometallic 
complexes.

Status of Knowledge and Key Limitations
Broad factors that contribute to the bioexposure of AGC in 

aquatic ecosystems include sources and drivers, and mechanistic 
and biogeochemical processes (fig. C1). The introduction of AGC 
into aquatic ecosystems is influenced by contaminant sources (that 
is, urban land use, industrial, mining, and agricultural processes, 
and so forth) and drivers, such as extreme events related to 
climate change (that is, wildfires, droughts, and so forth) and 
land management practices (that is, wetland restoration, dams, 
irrigation, and so forth) (Kolpin and others, 2002; Barnes and 
others, 2008; Focazio and others, 2008; Bradley and others, 2016). 
These and other biogeochemical processes (that is, sorption, 
precipitation, speciation, redox changes, and so forth) determine 
loads, timing, and magnitude of concentrations of AGCs.

Within the receiving environment, ecosystem effects of 
AGCs are in part determined by mechanistic processes that 
influence contaminant transfer through the aquatic food web 
(fig. C1). Uptake from the dissolved phase into the base of the 
food web (that is, microorganisms, algae, detritus, sediment, 

Figure C1.  Drivers and mechanisms of bioexposure of contaminants in aqueous ecosystems illustrating different ways contaminants 
enter the food web and the factors influencing uptake and trophic transfer.

and so forth) is influenced by (1) site-specific water quality 
(that is, temperature, dissolved oxygen [O], conductivity, 
oxidation-reduction potential, and turbidity), (2) concentration 
of the contaminant in the water column, and (3) physical and 
chemical properties of the contaminant that affect AGC transport, 
distribution and residence time within the hydrologic system, and 
(for metals) speciation. The capacity of a constituent to be taken 
up by a living organism and integrated into metabolic processes, or 
the fraction of the concentration that is absorbed and (or) adsorbed 
determines the “bioavailability” of a contaminant (de Paiva 
Magalhães and others, 2015). Certain AGCs that are consumed 
or absorbed by organisms that cannot catabolize or excrete 
quickly enough results in a buildup of the toxic chemical inside 
the organism, known as bioaccumulation. When the increasing 
concentration of a toxic chemical is transferred up the food chain, 
this process is known as biomagnification.

Contaminant transfer from the base of the food web occurs 
via the diet with trophic pathways playing an important role in 
determining bioexposures. Where an organism eats and diet 
composition can significantly alter bioexposures (Stewart and 
others, 2004), which highlights the important roles of ecology 
(Johnson and others, 2020), organism biology (Wang and others, 
1996; Schlekat and others, 2002), and species invasions (Eagles-
Smith and others, 2008; Lepak and others, 2009; Lepak and 
others, 2015) in providing an integrated assessment of contaminant 
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risk in watersheds. However, not all AGC bioexposures occur via 
the diet and for many classes of AGCs, the predominant uptake 
pathway is direct uptake from water (Griscom and others, 2000; 
Croteau and Luoma, 2005; Luoma and Rainbow, 2005; Vajda and 
others, 2011; Barber and others, 2012). However, due to many 
compounds included in the AGC classification and the individual 
chemistry these compounds possess, the relative importance of 
direct vs. dietary uptake for many AGCs is unknown or depends 
on the taxon.

Assimilated contaminants can interfere with fundamental 
biological processes, which then trigger toxic effects (Rainbow 
and Luoma, 2011). For example, the extent to which fish 
experience toxic effects depends on the duration of exposure, 
life stage of exposure (that is, maternal, larval, and so forth) 
(Johnson and others, 2020), whether a contaminant is assimilated 
or lost at this level of the food web, and interactions with other 
environmental stressors (that is, temperature, disease, food 
availability, and so forth).

These broad factors influence bioexposures of both 
anthropogenic and geogenic contaminants but the specific 
understanding and status of knowledge for these two contaminant 
classes can vary widely based on their chemistry and sources as 
discussed below.

Anthropogenic Contaminants

It has been well established that mixtures of anthropogenic 
chemicals are ubiquitous in urban streams and pose a potential 
threat to water quality (Kolpin and others, 2002; Focazio and 
others, 2008; Bradley and others, 2017; Bradley and others, 2018). 
The major drivers of increased future risks to aquatic organisms 
from AGCs include changes in regional climates (for example, 
more droughts and wildfires, loss of wetland habitats), changes in 
land-use needs (for example, urbanization, new crop production), 
and increasing human populations with increasing water use 
(Van Metre and others, 2019). There are research opportunities 
to develop or adopt water quality and toxicity screening tools for 
the prioritization of “at-risk” stream reaches or watersheds, and 
quantitatively link AGC concentrations to current effects, and 
model effects as a function of AGC use and concentrations (Fischer 
and others, 2017; Barber and others, 2019; Van Metre and others, 
2019; Barber and others, 2022; Zhang and others, 2023). This can 
lead to better hydrologic model predictions and assessment tools 
for water resource managers to improve infrastructure and best 
practices to maintain water quality for many generations to come.

Anthropogenic organic chemicals that enter the aquatic 
environment through wastewater point-source and through 
non-point sources come in a wide variety of physicochemical 
properties. These chemicals have different controlling mechanisms 
for their environmental fate and transport and risks for toxicity 
or other adverse biological effects once they enter the aquatic 
environment or drinking water. Moreover, many organic 
chemicals are often purposely designed to be biologically active 
(for example, pharmaceuticals and pesticides), or disruptive to 
biological functions and cell membranes (for example, surfactants, 
disinfectants, peroxides), or resist biological degradation (for 

example, pharmaceuticals, per- and polyfluoroalkyl substances 
[PFAS], antioxidants, corrosion inhibitors). Some consumer, 
agricultural, and industrial products contain a mixture of 
chemicals having all these characteristics. The complexity of 
organic contaminants and aqueous mixtures is a challenge for 
summarizing collective effects on aquatic health. This challenge 
can be overcome by comprehensive site-based measurements 
of water chemistry and CECs and investigations of the exposure 
effects on the microbial and biological communities that exist 
and are exposed to this same complex mixture of chemicals 
(that is, simultaneous measurements and metrics). It is also 
important to fill in gaps in knowledge regarding bio-uptake rates 
and biomagnification of certain anthropogenic CECs. Moreover, 
strategic categorization of organic chemicals according to 
predominant sources or biological modes of action could promote 
faster assessment of overall risk and trend analyses to support 
decision making by water resource managers.

Geogenic Contaminants

Geogenic contaminants include metals (that is, cadmium 
[Cd], lead [Pb], Hg, zinc [Zn], manganese [Mn], chromium 
[Cr], and copper [Cu]) and metalloids (that is, arsenic [As], 
selenium [Se], antimony [Sb], and molybdenum [Mo]) that are 
concentrated and enriched in aquatic ecosystems by natural as 
well as anthropogenic activities that utilize geologic resources 
to meet core economic needs of society. Examples of such 
activities include the installation of drinking water wells, hard rock 
mining, oil refining, agricultural irrigation, and the construction 
of dams (Chapman and others, 2010). Wastewater discharge also 
contributes significant trace elements and metal contaminants into 
streams due to their use as purposeful constituents or impurities 
in consumer products (for example, Cr or cobalt [Co] in dyes, 
Zn or titanium [Ti] in sunscreens, As in household pesticides) 
or pharmaceuticals (for example, bismuth [Bi] in antibiotics, 
lithium [Li] in antidepressants). Drivers such as fire, climate 
(that is, precipitation), and hazards (that is, flooding), along with 
disturbance from human activities further enhance weathering 
and mobilization of geogenic contaminants from the landscape 
and delivery via dissolved and particulate forms to aquatic 
environments.

While TMDLs are focused on loads, those loads need to be 
converted into concentrations because bioavailability and toxicity 
effects to aquatic organisms are related to concentration. Indeed, 
EPA criteria are most often in the form of concentrations for 
which toxicity benchmarks and thresholds are based. Metal and 
metalloid bioexposure to aquatic organisms has been described 
by total concentrations (that is, the sum of all chemical species) or 
using thermodynamic models such as the free ion activity model 
(FIAM) and (or) the biotic ligand model (BLM). Both models 
assume the only bioavailable form of metals is the aqueous free 
ion, assuming direct and linear relationships between free ions and 
biological surface-bound metal species (Zhao and others, 2016; 
Mebane and others, 2020). However, these models do not account 
for uptake and exposure pathways beyond direct uptake of metal 
ions and biotic ligand complexation.
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Total water column concentrations of geogenic contaminants 
alone are rarely reliable predictors of bioexposure, toxicity risk, 
and ecosystem health. Chemical speciation is an important factor 
when considering toxicity, bioavailability, and bioaccumulation 
across food webs. According to the International Union of Pure 
and Applied Chemistry (IUPAC) definition, chemical speciation 
refers to a specific form of an element defined as to isotopic 
composition, electronic or oxidations state, and (or) complex 
or molecular structure. By this definition, several changes 
in speciation can occur in the water column. For example, 
seasonal changes in dissolved O concentrations can not only 
induce oxidation state changes in geogenic contaminants but 
also changes in dissolved organic carbon (DOC) speciation 
and subsequent interactions with metals and biota. Transition 
metal (iron [Fe] and Mn) (oxyhydr)oxides and oxides can 
undergo reductive dissolution in anoxic environments, leading 
to the release of adsorbed metals and metalloids. Geogenic 
contaminants such as Cr, Hg, As, Se, and Sb can all be present 
with multiple oxidation states in aquatic environments and 
usually have a particular oxidation state that is more bioavailable  
and toxic compared to others. For example, As(III) is more toxic 
compared to As(V) (Spehar and others, 1980), but the opposite 
is true of Cr. In its reduced state, Cr(III) is generally less soluble 
and less toxic compared to the oxidized state Cr(VI) (Velma 
and others, 2009). Beyond changes in oxidation state, redox 
conditions also influence biological activity that can alter metal 
toxicity. For example, under anoxic conditions, As and Hg can 
undergo metabolic processes that produce toxic, methylated 
species, the latter of which bioaccumulates strongly across food 
webs (Brigham and others, 2009; Selin, 2009). Other metal 
C species that may form depending on redox conditions are 
organometallic complexes (Velma and others, 2009). Dissolved 
organic carbon speciation and metal complexing capacity are 
correlated in part to redox conditions, in that the abundance and 
quality of C will be altered depending on biological activity. The 
toxicity and bioavailability of these metal-carbon complexes are 
poorly understood.

Dissolved inorganic contaminants can also change from 
aqueous to solid species because of the precipitation of mineral 
phases. Chalcophilic metals and metalloids such as Hg, Zn, Pb, 
As and Cd can precipitate as sulfidic phases in the environment, 
especially under reducing conditions. Precipitation of these 
phases can radically decrease bioavailability and potential 
for bioaccumulation across food webs; however, if shifts in 
geochemical conditions occur, dissolution of the phases may lead 
to renewed bioavailability.

Physical and chemo-physical processes can also influence 
contaminant speciation and partitioning on to particles. Processes 
such as perturbation from benthic invertebrates or turbulence and 
scouring during high flow events can lead to higher concentrations 
of particulate matter in the water column that can adsorb geogenic 
contaminants. Particulate-adsorbed geogenic contaminants 
can have multiple effects on bioexposures. They can result in 
contaminant sequestration, if the complex is not biologically 
available, enhanced uptake via dietary consumption, transport, 
or burial via sedimentation processes. Yet, these processes also 

depend on the characteristics of the particles present in the 
environment, including grain size and organic content, which can 
vary significantly in space and time ((Brigham and others, 2009; 
Stewart and others, 2008).

Whether a geogenic substance is an essential element further 
influences bioexposure. In the case of metal cation contaminants, 
microorganisms generally exhibit two primary water uptake 
mechanisms: (1) nonspecific binding to cell surfaces and biomass, 
and (2) metabolism-dependent intracellular uptake (Gadd and 
Griffiths, 1977; Stewart and others, 2010). Adsorption of metal 
cations to biomass is far more common, as metabolism-dependent 
intracellular transport is not only an energetically costly process 
but also can lead to the precipitation of intracellular metal phases, 
requiring the expression of tolerance mechanisms (Gadd and 
Griffiths, 1977). Uptake of the essential element Se, which forms 
oxyanions in the aqueous environment, is predominantly through 
an energy-mediated process (Stewart and others, 2004, 2010).
For this reason, the partitioning of Se on inorganic particles in 
sediments tends to be low relative to its absorption by algae, 
making particle characterization necessary when trying to discern 
differences in Se associated with the particulate fraction both 
within and among aquatic systems (Ponton and others, 2020).

Trophic transfer of geogenic contaminants is highly 
dependent on trophic-specific and species-specific assimilation and 
loss (Reinfelder and others, 1998). For example, methylmercury 
(MeHg) is biomagnified in food webs because the proportion 
of MeHg to inorganic Hg increases with each trophic level and 
the loss of MeHg by an organism is relatively slow (Lavoie 
and others, 2013). Alternatively, studies have shown that Cd is 
biomagnified within distinct invertebrate and fish food webs, with 
invertebrate food webs having higher trophic enrichment factors 
than fish food webs (Croteau and others, 2005). In the case of Se, 
large differences in Se uptake have been quantified among algal 
and invertebrate taxa resulting in corresponding large differences 
along trophic pathways in Se concentrations in consumers and 
predators (Baines and Fisher, 2001; Stewart and others, 2004).

Priority Gaps in Anthropogenic and 
Geogenic Bioexposures

Table C1 presents a summary of the bioexposure knowledge 
gap analysis for ecosystem health and function. More details about 
these knowledge gaps and approaches to fill the gaps are presented 
in this section.

Anthropogenic Wastewater Contaminants of 
Emerging Concern Gaps

In a recent synthesis paper by Abbott and others (2019) 
comparing 464 water-cycle diagrams from around the world, it 
was estimated that approximately 24,000 cubic kilometers per 
year (km3·yr-1) is now used for human freshwater appropriation 
for livestock, croplands, forestry, industrial and domestic water 
use, and water necessary to dilute human pollutants (wastewater 
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use). This human use redistributes the equivalent of half of the 
global river streamflow and double the global groundwater 
recharge each year (Abbott and others, 2019). Despite this fact, it 
was determined that only 15 percent of the water-cycle diagrams 
represented human interaction with the water cycle, and only 2 
percent showed climate change or water pollution effects on the 
water availability and quality. This is an important gap in water 
budget and water quality modeling and the USGS is well equipped 
to improve assessments of water security and sustainability by 
integrating human water use and indirect reuse into our hydrologic 
models. Human water use, reuse, and returned flows have 
become a major component of the global water cycle, resulting in 
significant contributions of additional nutrients, salinity shifts, and 
complex mixtures of CECs added to our Nation’s surface water 
and groundwater (Kolpin and others, 2002; Abbott and others, 
2019; Bradley and others, 2017, 2018; Barber and others, 2019, 
2022). Treated domestic and industrial wastewater discharge, 
agricultural/irrigation and urban stormwater return flows, and 
chemical spills are all large contributors of these complex mixtures 
of CECs along with their associated adverse effects on water 
quality and ecosystem health downstream (Kolpin and others, 
2002; Barber, 2014; Bradley and others, 2016; Fischer and others, 
2017; Croteau and others, 2005, 2016; Masoner and others, 2019; 
Battaglin and others, 2020). With increasing and ever-changing 
mixtures of CECs being added to the natural aqueous environment 
through wastewater return flows, it is imperative for humans to 
better understand the adverse effects on human and ecosystem 
health and recreational sustainability, including the major drivers 
of these bioexposures and sources of priority pollutants.

Gap 1. Major Factors Affecting Human and 
Aquatic Organism Health 

Wastewater Discharge and Toxicity Benchmark Data
At present there is no consolidated database of contaminant 

loads from the wide range of wastewater effluents discharged 
to natural waters. The scientific literature has many studies that 
investigate CECs detected in municipal WWTP effluent and 
sludge. This is largely facilitated by the fact that most municipal 
WWTP facilities are publicly owned treatment works (POTWs) 
and have publicly accessible information available through 
discharge permits. Some of these data for major point source 
discharges, including WWTPs, can be found using EPA’s 
Enforcement and Compliance History Online (ECHO) tool 
(https://echo.epa.gov/) and EPA’s Clean Watersheds Needs Survey 
(CWNS, https://www.epa.gov/cwns). However, other sources are 
often needed to obtain the treatment type and population served 
by the WWTPs, which allows for better fitting of chemical loads 
per capita and per treatment type to be used in modeling new 
watersheds. Other wastewater return-flow data are more difficult 
to obtain, such as those from industrial WWTP and mining 
discharges, as well as from non-point sources like agriculture or 
urban stormwater.

It is also difficult to obtain a consistent data set of 
aquatic toxicity benchmarks such as predicted no effect 
concentrations (PNECs), effect concentration at which 10 
percent of a population is biologically affected (EC10), 
CMCs, or 50 percent lethality concentration (LC50) for the 
multitude organic contaminants used for pesticides, industrial 
applications, pharmaceuticals, or consumer products that 
are released into the aquatic environment (Brack and others, 
2019). Similarly, a major data gap exists for bioaccumulation 
coefficients (BACs) or bioconcentration factors (BCFs) for 
priority pollutants; having this would help to better asses the 
health risk to aquatic organisms at different trophic levels, 
and potential risk to predator terrestrial organisms (including 
humans) that feed on aquatic organisms. Moreover, organic 
contaminants with high octanol-water coefficients (Kow) can 
be an important driver to better understand which chemicals 
will bioaccumulate in fatty organs of the body like the liver 
or brain. Efforts to calculate, validate, or consolidate these 
BACs, BCFs, and toxicity benchmarks could form the basis 
for guidance documents on acceptable aqueous concentrations 
of CECs for different water use expectations. A collaborative 
effort by the USGS and other Federal agencies could 
provide the evidence-based scientific support and relevant 
toxicity benchmarks to stand up TMDLs for CECs currently 
lacking Federal regulation. USGS has particular expertise 
in addressing potential adverse biological effects caused by 
bioexposure of organisms to chemical loads associated with 
wastewater reuse.

Biogeochemical Model Parameters
Process-based models are only reliable with sufficient 

data for estimating parameters that will constrain the model 
simulations to perform accurate predictions. To be able 
to couple hydrologic and reactive transport models with 
ecological risk models, a deeper understanding of many of 
the biogeochemical processes in complex aqueous mixtures is 
needed to parameterize the models. Some essential parameters 
include chemical solubility, partition coefficients, complexing 
capabilities, and chemical degradation rates from biological 
or physical transformations in natural streams and WWTPs. 
The USGS is well-positioned to carry out laboratory-based 
and field-based investigations to identify processes controlling 
the transport and fate of anthropogenic organic contaminants 
in the aquatic environment, along with the possible exposure 
pathways to aquatic organisms and humans. Examples of 
existing USGS Water Mission Area (WMA) capabilities that 
could be expanded upon include: (1) laboratory exposure 
of aquatic snails to uranium (Croteau and others, 2016) and 
other contaminants of concern in the presence of different 
water chemistry conditions, and (2) continuous-flow mobile 
laboratories located on-site to test the endocrine or toxicity 
effects of wastewater effluent or agriculture runoff on fat head 
minnows (Pimephales promelas) (Barber and others, 2012, 
2013, 2019) or other organisms in stream environments.
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Gap 2. Water Quality Assessment Tools for 
Aquatic Organism and Human Health Risk

Water resource managers need better water quality assessment 
tools to sustain healthy streams and drinking water sources 
(Fischer and others, 2017). These tools include more affordable 
analytical measurements for CECs, access to CEC experts to 
assist with data interpretation, and production of hydrologic 
models that can simulate and predict stream concentrations of 
CECs in relationship to toxicity tolerance levels in a variety of 
climatic and water management scenarios. Owing to the variety 
of organic anthropogenic chemicals and the lack of sufficient 
empirical data for all their physicochemical properties and aquatic 
toxicology benchmarks, computation models could be used to 
supplement some of the information. These quantitative structure-
activity relationship (QSAR) models use common molecular 
structures to estimate unknown physicochemical parameters to 
derive environmental fate, biodegradability, and potential toxicity 
tolerances of various organism types, are discussed in more 
detail in the “Develop Tools for Screening-Level Contaminant of 
Emerging Concern (CEC) Assessments” section.

Sustaining a healthy aquatic ecosystem for aquatic 
organisms, drinking water, and recreational use depends upon 
both water availability and water quality and requires scientifically 
informed water management decisions. Sufficient flow volumes 
are needed throughout the year by critical aquatic species to 
provide appropriate habitat space, aerated mixing, and maintain 
cool enough water temperatures. Water quality changes caused by 
anthropogenic activities and land use are also dominant drivers 
controlling the complex chemical mixtures that aquatic organisms 
are exposed to in streams, rivers, and lakes.

Bioactive anthropogenic chemicals released to the 
environment through spills and wastewater discharge pose direct 
toxicological and endocrine disruption risks to aquatic organisms 
(Omar and others, 2016). There are thousands of bioactive 
chemicals released into the aquatic environment from different 
product applications with a wide range of physicochemical 
parameters and ecotoxicology profiles (Kolpin and other, 2002). 
Water resource managers and regulators will continue to need 
scientific studies and new data to develop new tools and approaches 
for monitoring and modeling chemical concentrations, investigate 
mechanistic processes controlling fate and bio-exposure pathways 
of CECs, and provide interpretions to support water resource 
management decisions (Fischer and others, 2017). Filling these 
gaps will allow for the integration of chemical loading from 
major point-sources and non-point sources of anthropogenic 
return flows into the next generation of USGS water budget and 
reactive transport models to gain a more accurate water quality 
representation of our United States freshwater resources.

Develop Risk Prioritization Scheme
Water resource managers and citizens needing clean drinking 

water and desiring safe recreational opportunities can benefit 
from consistent, easy-to-use tools that assess the relative risks 

and management opportunities for CECs in the Nation’s waters. 
Prioritization of the abundance of thousands of aquatic CECs with 
wide ranging sources, chemical classes, fate-controlling processes, 
and risk concerns makes it extremely challenging to carry out 
comprehensive and ongoing monitoring. To close this gap, the 
USGS could develop or adopt a consistent, evidence-based 
schema for prioritization of at-risk watersheds and high priority 
anthropogenic and geogenic CECs at the national and regional 
scale for different geographical and hydrological watershed types. 
There are existing risk prioritization schemes from USGS and 
others looking at stream concentrations in relationship to PNECs; 
persistence, bioaccumulation, toxicity, environmental occurrence 
(PBTO indices); regulatory pressure; risk perception by the public; 
along with other risk criteria and decision support systems that can 
be adapted to meet USGS stakeholder needs (Ankley and others, 
2010; Ortiz de García and others, 2013; Nowell and others, 2014; 
Ortiz de García and others, 2014; Gramatica and others, 2016; 
Sangion and Gramatica, 2016; Card and others, 2017; Fischer 
and others, 2017; Covert and others, 2020; Medlock Kakaley and 
others, 2020; Barber and others, 2022; Faunce and others, 2023).

There are also publicly available databases that can be used 
to assist with compiling some of the data needed, including the 
EPA’s Estimation Parameter Interface (EPI) Suite (EPA, 2012; 
Card and others, 2017) and CompTox chemical dashboard 
(EPA, 2016a), the Aquatic Life Benchmarks and Ecological 
Risk Assessments for Registered Pesticides (EPA, 2021a), 
PubChem database (Kim and others, 2020), and PPDB—
Pesticide Properties databases (Agriculture & Environment 
Research Unit [AERU], 2021). In addition, the EPA maintains 
a database of registered pesticides that have documented acute 
(that is, lethal concentration to kill 50 percent of a population 
[LC50] and half maximal efficiency concentration [EC50]) and 
chronic aquatic life benchmarks (ALBs) in fish, invertebrates, 
and aquatic plants (EPA, 2021a). It is much more difficult to 
find empirical measurements in the literature of these ALBs 
for non-pesticide CECs. The EPA has also established national 
recommendations for aquatic life criteria (criterion maximum 
concentrations [CMCs] and criterion continuous concentrations 
[CCCs]) for around 60 organic and inorganic toxic chemicals 
(EPA, 2021b). However, this list is mainly limited to nationally 
regulated chemicals and lacks criterion for thousands of other 
toxic and bioactive chemicals that need to have toxicological 
endpoints determined. The USGS could help fill this data gap 
by conducting a systematic collection and common databasing 
of toxicity endpoint criteria for aquatic organisms (for example, 
PNEC, environmental quality standard [EQS], no observed effect 
concentration [NOEC], lowest observed effect concentration 
[LOEC], EC50, LC50, and so forth) for a prioritized list of 
chemicals analogous to comprehensive aquatic toxicity databases 
(Norman and others, 2018) and tables in supporting information 
of Barber and others (2022). Examples include EPA’s maximum 
contaminant levels [MCLs] (https://www.epa.gov/ground-water-
and-drinking-water/national-primary-drinking-water-regulations), 
EPA Human Health Benchmarks for Pesticides (https://www.
epa.gov/sdwa/2021-human-health-benchmarks-pesticides), and 

https://www.epa.gov/ground-water-and-drinking-water/national-primary-drinking-water-regulations
https://www.epa.gov/ground-water-and-drinking-water/national-primary-drinking-water-regulations
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USGS Health-Based Screening Levels (https://www.usgs.gov/
programs/environmental-health-program/science/usgs-health-
based-screening-levels-available-online), along with a method 
for normalizing these criteria to allow cross comparisons for 
hazardous rankings (Norman and others, 2018). A similar open-
access database could address physicochemical and biological 
uptake properties as well, starting with curating empirical data 
from the literature and credible databases.

Develop Tools for Screening-Level Contaminant of 
Emerging Concern Assessments

The development of (1) proxy-chemical analyses, (2) 
assimilation of computational toxicology and (3) predictive 
modeling for CECs would allow the USGS to provide screening-
level assessments to support water resource decisions and to guide 
future monitoring and research studies in Next Generation Water 
Observing Systems (NGWOS) and IWS basins.
8.	 Proxy-chemical analyses: Spending time and resources 

to develop rapid, screening-level analytical methods that 
analyze for surrogate chemicals and metabolites across 
a range of chemical classes or source types could save 
money on costly analysis of larger suites of chemicals 
until after “contaminant hot spots” are identified. To 
make this analysis rapid and cost-effective, it cannot 
be all-inclusive and so finding suitable surrogate 
chemicals for entire chemical classes/source types 
and (or) other chemical proxies will be necessary. The 
combined scientific expertise of the USGS along with 
nation-wide access to NGWOS and IWS water basins 
allows for the USGS to use an “Integrated Design 
Approach” to investigate prioritized CEC effects and 
controlling processes. The ideal approach is to integrate 
multiple disciplines (for example, organic geochemists, 
hydrologists, biologists, and modelers) into NGWOS and 
IWS basin studies from the beginning.

9.	 Assimilation of computational toxicology: Due to the 
lack of empirical data for environmental fate parameters, 
biological uptake mechanisms, and toxicity endpoint 
criteria for the thousands of chemicals released from 
pharmaceuticals, consumer products, urban homes, 
and transportation systems into the environment, 
computational tools are an efficient way to screen large 
sets of chemicals in a short time with the potential for 
ranking the most environmentally hazardous constituents. 
The computational tools applied to organic chemical 
contaminants often rely on QSAR models. These are 
regression models that use structural molecular descriptors 
within organic chemicals and commonly measured 
fate parameters like water solubility and octanol/water 
partition coefficient (Kow) to predict environmental fate 
parameters and biological activity of chemicals with 
similar descriptors. For example, the Kow is important for 
assessing organic contaminant fate and transport, because 
hydrophobic compounds (log Kow>3) preferentially 
accumulate in solid phases and hydrophilic compounds 

(log Kow<3) preferentially occur in the aqueous phase. 
QSAR tools like those found in EPA’s EPI Suite interface 
are being used to help make predictions of environmental 
concentrations of CECs and produce hazardous ranking 
indexes like (i) PNECequivalents and Risk Quotients (Barber 
and others, 2022; Faunce and others, 2023), (ii) apply 
PBTO indices to rank persistence, bioaccumulation, 
toxicity, and environmental occurrence (Ortiz de García 
and others, 2013; Sangion and Gramatica, 2016), or (iii) 
provide a software tool for Decision Analysis by Ranking 
Techniques (DART; Pavan and Worth, 2008a & 2008b) 
to support the ranking of chemical according to their 
environmental and toxicological concern.

10.	 Predictive modeling for CECs: The USGS accumulated 
wastewater ratio (ACCWW) on-line mapper is a versatile 
tool which can combine empirical data inputs (when 
available) with QSAR-based inputs (EPA, 2012 & 2016) 
coupled with streamflow, wastewater discharge, and 
ecotoxicity models to produce geographic information 
system (GIS) maps of watersheds and stream reaches 
showing predicted environmental concentrations of CECs 
(Kandel and others, 2017; Faunce and others, 2023; Barber 
and others, 2022). This provides a powerful screening-level 
assessment tool for regional watersheds that can be scaled 
up to national level or scaled down to local level. Innovative 
platforms for presenting water availability, water quality, 
and water suitability on GIS maps can improve the speed 
and accessibility of science data delivered. The supporting 
information of Barber and others (2022) provides a large 
data table of pharmaceuticals, personal care products 
(PPCP), and pesticides ecotoxicity benchmarks (LC50, 
EC50, PNECs, NOECs) from literature-based empirical 
data and EPI Suite ECOSAR model predictions, and 
also includes an accumulated wastewater model for the 
Shenandoah watershed with a risk prioritization scheme 
using water quality data.

Geogenic Contaminant Gaps

Gap 3. Mechanistic Understanding of Uptake 
Dynamics of Geogenic Contaminants for 
Watershed Assessments of Risk and Coupled 
Hydrologic-Biogeochemical Model Development

A key gap in understanding how geogenic contaminants 
result in bioexposures that affect ecosystem health are the 
factors and drivers that control the availability of geogenic 
contaminants in water and particulate material (Luomo and 
Rainbow, 2009). Specifically, what environmental conditions 
favor dissolved chemical species of metals that are readily 
adsorbed onto particles or directly taken up by microorganisms, 
algae, or plants? Then, once associated with particles (sediments 
or organic material), what types of particles favor high 
assimilation of metals by aquatic species? Given that many 
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metals, including metalloids, like As and Se, show the largest 
enrichment at the base of aquatic food webs, from water onto 
particles, understanding of these fundamental processes could 
lead to significant improvements in evaluating bioexposures as 
part of integrated assessments (Stewart and others, 2010).

The complexity of resolving these processes across systems 
can be daunting. In the absence of a more mechanistic approach, 
scientists have utilized distribution coefficients (Kd), a ratio that 
quantifies the partitioning of dissolved forms of metals onto 
particles. The Kd ratio is defined by the concentration of the 
constituent in particulate phase divided by the concentration in 
water. Over the past several decades this ratio has been used to 
evaluate bioavailability of mined metals (Stewart and Malley, 
1999) and extensively in the “Ecosystem Selenium Model” 
developed by Presser and Luoma (2010) and for developing 
EPA site-specific criteria for Se. In the case of Se, partitioning 
inferred from Kd values was found to vary over several orders 
of magnitude among systems (freshwater to marine), which 
could be attributed in part to Se species (that is, selenate, selenite, 
selenomethonine), residence times, and particle types (that is, 
sediment, biofilms, filamentous algae) (Presser and Luoma, 2010). 
While Kd ratios for Se may be effective in identifying and even 
predicting gross differences in partition of Se among systems, 
they often lack the resolution within watersheds to estimate 
differences in bioavailable Se at spatially and temporally relevant 
scales. Moreover, without the mechanistic basis underlying the 
differences in Kd, it is not possible for resource managers to 
identify specific factors controlling bioexposures in food webs for 
the development of mitigation strategies. Mechanistic processes 
are also required for building coupled hydrologic-biogeochemical 
models for anticipating changes in bioavailable Se and other 
metalloids and metals in response to climate and resource 
management actions. A mechanistic approach to assessing and 
predicting changes in geogenic bioexposures would include 
understanding: (1) biogeochemical (that is, redox, pH, DOC, 
sulfate, and so forth) and hydrologic (that is, mixing, residence 
time) controls on chemical speciation, (2) potential for different 
chemical species to be adsorbed and (or) accumulated by different 
particles (that is, sediment, microorganisms, algae, and plants), and 
(3) relative assimilation of aqueous versus particulate chemical 
species by organisms. Given their inter-dependent nature, these 
processes could be evaluated jointly to determine their net effect in 
different aquatic environments.

The USGS can investigate these processes across a range of 
geochemical and hydrological conditions, for example, initially 
in relevant IWS basins such as the Upper Colorado River as well 
as other basins with outstanding Se and related metal or metalloid 
problems such as the Kootenai River (Idaho and Montana). 
Selenium and other geogenic metalloids and metals derived 
from mining remain a concern for resource managers in these 
areas (EPA, 2017) and there are ongoing research efforts (such as 
transboundary projects) that could provide historical and ongoing 
data collections to support the process research (Chapman and 
others, 2010). This effort could later be extended to the other IWS 
basins (that is, the Delaware River and Illinois River Basins) as 
appropriate to validate processes and model applications.

Biogeochemical Controls on Chemical Speciation

This approach uses field based water quality collections of 
total and dissolved geogenic species and ancillary parameters 
(that is, redox, pH, DOC, sulfate, nutrients, suspended solids, 
and so forth) combined with speciation modeling (Visual 
Minteq, https://vminteq.lwr.kth.se/; and PHREEQC, https://
www.usgs.gov/software/phreeqc-version-3) (Parkhurst and 
Appelo, 2013). The goal is to determine how measured 
chemical speciation changes with geochemical conditions 
and test if those changes can be estimated using geochemical 
speciation models. Speciation can be defined as oxidation state, 
phase change (for example, adsorption to particulate matter, 
precipitation as a solid) and complexation with dissolved 
organic compounds. Sites could be chosen along geochemical 
gradients and hydrologic residence times. Geogenic elements 
could be selected for this work based on WMA, Federal 
partners, state agencies, and stakeholder priorities.

Chemical Speciation Controls on Particulate Adsorption 
and Bioaccumulation

This approach determines how chemical species 
(quantified above) are adsorbed or accumulated by different 
particle types that can influence their bioavailability. 
Quantifying particle characteristics in nature and corresponding 
aqueous geochemical conditions can enhance understanding 
of the controls that particles exert on metal speciation. This 
entails characterization of particulate material and geogenic 
particulate concentrations from sites described previously. 
Particulate material (greater than 0.45 micrometer [µm]) 
will be characterized by: (1) physical characteristics (that is, 
particle size and concentration), (2) inorganic composition 
(that is, grain size, Fe, Si, aluminum [Al] content, and so forth), 
(3) organic matter content and composition (that is, percent 
carbon, chlorophyll a, stable isotopes d13C, nitrogen-15 [d15N], 
and sulfur-34 [d34S] signatures), and (4) algal and biomass 
taxonomy. Chemical extractions, specific elemental analysis 
(CHNS analyzer), TOC analysis and stable isotope analysis 
are all example of initial characterization techniques. Flow 
fractionation inductively coupled plasma mass-spectrometry 
(ICP-MS) and spectrometric methods offer other analytical 
approaches for particulate matter characterization. Additionally, 
particle-bound metal speciation (for example, oxidation state, 
organo-metallic complexes, and so forth) can be characterized 
using advanced spectroscopic techniques such as X-ray 
adsorption spectroscopy (XAS). This technique will help answer 
mechanistic questions about metal speciation and associations 
with elements such as Fe and Al in particulates. The information 
can then be used to improve predictive geochemical models, 
better accounting for speciation and the influence of particulate 
matter on bioavailability. The knowledge of this technique 
resides within the Strategic Laboratory Science Branch (SLSB) 
of Laboratory and Analytical Services Division (LASD) in 
WMA. Typically, this technique is carried out at a synchrotron 
facility and the idea is that these measurements will be paired 
with in-house techniques (that is, chemical extraction, Fourier 

https://www.usgs.gov/software/phreeqc-version-3
https://www.usgs.gov/software/phreeqc-version-3
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Transform infrared spectroscopy, and so forth) to create a 
framework of understanding. However, benchtop XAS is 
possible and could be explored in the future.

Assimilation of Geogenic Contaminants from Inorganic 
and Organic Particles

This approach combines field assessments of dissolved 
chemical species and particulates and to determine their 
control on bioavailability to biota (that is, invertebrates or 
fish). Results from field measurements could be used to 
guide laboratory uptake experiments in the form of feeding 
studies. The feeding studies could utilize different particle and 
dissolved metal species, using well proven methods (Cain and 
others, 2016; Croteau and others, 2017).

Hydrologic Controls on Chemical Speciation and 
Particulate Bioavailability

Hydrological investigations can provide insight into 
how transport processes that affect residence times influence 
biogeochemical transformation and speciation, geogenic 
adsorption and bioaccumulation. Residence times can be 
estimated at field sites to aid in the evaluation of differences in 
bio-uptake among data from different locations.

Gap 4. Bioavailability and Toxicity of 
Organometallic Complexes

Another geogenic gap is bioavailability and toxicity of 
organometallic complexes. Models such as FIAM and BLM 
often underestimate metal and (or) metalloid bioexposure, not 
accounting for the bioavailability of organometallic complexes 
(Mebane and others, 2020). Natural dissolved organic matter 
(herein identified as DOM) is an example of a widespread 
environmental metal or metalloid complexing agent whose 
reactivity is overlooked by these classic thermodynamic models. 
DOM has varying degrees of reactivity toward metal/metalloids 
depending on chemical properties, such as molecular weight, 
chemical structure, and functionality (Cory and McKnight, 
2005), and environmental properties such as DOM source and 
geochemical conditions (for example, pH, ionic strength, and 
redox conditions). For example, calcophile metals such as Cd, Pb, 
Hg, and Zn all bind strongly to thiol groups associated with DOM 
(Shindo and Brown, 1965; Chen and others, 2017; Lescord and 
others, 2018). Similarly, sulfidic groups associated with DOM 
have been shown to be important complexing agents of arsenite 
(Hoffman and others, 2013). However, changes in metal oxidation 
state as well as changes in DOM acidity and functionality 
influence metal complexation (Ren and others, 2017). Thus, 
predicting metal complexation with DOM is not always as simple 
as a straightforward calculation.

As complicated as the formation of metal- or metalloid-DOM 
complexes is, understanding the influence on bioavailability and 
uptake of these complexes adds another layer of complexity. The 
specific metal or metalloid, the type and chemical characteristics 
of DOM and the organism all influence organometallic complex 

uptake and bioaccumulation across food webs. For example, 
Cd-uptake rates in Zebra mussels (Dreissena polymorpha) were 
52–61 percent lower when complexed to humic acid (HA, a 
fraction of DOM) compared to the free ion but still higher than 
predicted by FIAM, with some Cd-HA accumulation in the 
organism (Voets and other, 2004). A study with zebra mussels 
demonstrated different extents of uptake of Cd, silver (Ag), 
and Hg depending on whether low molecular-weight or high 
molecular-weight DOM was present (Roditi and others, 2000). In 
the presence of HA, fulvic acid (FA) and different polysaccharides, 
the uptake of Pb by green algae was less than the free ion (Pb2+) 
but still greater than FIAM-predicted values (Lamelas and others, 
2005). Complexation with HA and FA lead to higher internalized 
concentrations of Pb compared to polysaccharides, demonstrating 
how the type of OC can influence the extent of uptake (Lamelas 
and otheres, 2005). A study in artificial sea water showed that 
Pb uptake and toxicity in marine invertebrates—blue mussels 
(Mytilus edulis) and sea urchins (Paracentrotus lividus)—actually 
increased when complexed with HA compared to the free Pb ion 
(Sánchez-Marín and others, 2007). The bioaccumulation of Cu 
also has been shown to increase in algae when high initial Cu 
concentrations are complexed with low molecular-weight FAs (Shi 
and others, 2018). Higher molecular-weight FAs have been shown 
to contain more aliphatic functional groups and less carboxyl 
groups per unit C mass (Tan and Giddens, 1972; Reemtsma 
and These, 2005; Shi and others, 2018), which makes it less 
susceptible for binding with cationic metals such as Cu.

The source of DOM affects molecular composition, affecting 
reactivity with metal or metalloids and subsequent complex 
bioavailability. DOM can be autochthonous, meaning it is derived 
from an aquatic ecosystem (that is, detritus, biomass, and so 
forth) or allochthonous, meaning it is terrestrially derived (that 
is, plants, soil, and so forth). Allochthonous DOM is generally 
considered more recalcitrant compared to autochthonous DOM, 
as heterotrophic and autotrophic metabolic processes generally 
lead to the production of small aliphatic acids, while plant and 
soil organic matter can be more aromatic and thus, typically 
considered less biodegradable (Thurman, 1985). Molecular 
composition of DOM varies spatially and temporally due to its 
proximity to source material and its exposure to environmental 
processes such as biodegradation and photodegradation (Helms 
and others, 2008; Hansen and others, 2016). DOM composition 
can also be influenced by anthropogenic activities. For example, 
DOM composition along a WWTP-river-lake continuum was 
shown to vary greatly, with the ratio of protein-like to humic-
like carbon notably decreasing and the percentage of humic-like 
carbon increasing (EPA, 1999; Barber and others, 2001; Wang and 
others, 2019). Therefore, when considering the bioavailability of 
organometallic complexes, it is important to consider changes in 
DOM composition that may occur in the environment and how 
this could influence the extent of metal or metalloid complexation.

Bioexposure Studies of Metal-Dissolved Organic Matter 
Complexes with Organisms at the Base of the Food Web

This approach could involve field and laboratory-based 
experiments, which will lead to the development of analytical 
tools and the improvement of existing bioexposure models. 
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Experiments could vary with respect to four factors: (1) metal 
and (or) metalloids of interest, (2) DOM characteristics sources, 
(3) microbial species, and (4) analytical techniques. We suggest 
beginning studies by focusing on microbial species, as they are 
a key component of the base of the food web; however, there 
are many data gaps that exist for other aquatic species such 
as invertebrates. The intention is that studies could build in 
complexity, both from a geochemical and ecological standpoint.

Metal or metalloids of interest could be prioritized based on the 
needs of IWS such as the Upper Colorado, Delaware, and Illinois 
River Basins. This determination will involve reconnaissance of 
IWS basin aqueous geochemical conditions via field campaigns and 
analysis of available historical data. Field and lab measurements, 
as well as historical data, could be incorporated into speciation 
models, such as PHREEQC, to confirm and predict dominant metal 
or metalloid species, as discussed in the “Biochemical Controls on 
Chemical Speciation” section in this chapter.

During experiments, DOM from different sources with 
different chemical characteristics could be varied to evaluate 
differences in metal-DOM binding and effects on bioexposure. 
Sources of DOM will vary by basin environments and by 
environments affected by anthropogenic activity (that is, WWTP, 
urban, agricultural). Constraints could be imposed based on the 
importance or contribution to an environment of interest.

Microbial species are an essential part of the base of the 
food web composition and as such it is important to specifically 
understand the bio-exposure of metal-DOM complexes to these 
species. Beginning work could focus on microbial species to 
establish an understanding at the base of the food web and future 
studies could examine bioavailability to more complex organisms. 
Both pure culture and whole community experiments could be 
conducted in the laboratory. Cell numbers, growth rates and 
potentially genes of interest could be quantified in relation to 
metal-DOM complex exposure.

Laboratory-based experiments could be designed to measure 
metal-DOM complexes in new and novel ways. Ideal DOM 
sources such as Suwannee River fulvic acid could be used with 
metals to prepare metal-DOM complexes and chromatographic 
and spectroscopic techniques could be explored for detection and 
quantification of organometallic complexes.

Timelines
Table C2 presents a suggested timeline to conduct prioritized 

USGS approaches for closing knowledge gaps to address the 
anthropogenic and geogenic contaminant bioexposures affecting 
aquatic ecosystems outlined in this chapter.

Table C2.  Timeline summary of prioritized U.S. Geological Survey (USGS) approaches to closing knowledge gaps for the anthropogenic 
and geogenic contaminant bioexposures affecting aquatic ecosystems.

[DNA, deoxyribonucleic acid; Koc, carbon-water coefficient; Kow, octanol-water coefficient; yr, year; IWS, Integrated Water Science; PNEC, predicted no-effect 
concentrations; EC50, half maximal efficiency concentration; CEC, contaminant of emerging concern; WWTP, wastewater treatment plant; QSAR, quantitative 
structure-activity relationship; DART, decision analysis by ranking techniques; GIS, geographic information system.]

Advancements
Major processes affecting human 

and aquatic organism health

Water quality assessment tools 
for aquatic organism and human 

health risk implications

Mechanistic understanding 
of uptake dynamics of 

geogenic contaminants

Bioavailability and 
toxicity of organometallic 

complexes
Near-term
(2-yr)

Organization and access to data for 
assessing indirect water reuse 
affecting biota.

Focusing on physicochemical 
properties such as water solubility, 
Kow, Koc, and so forth, and toxicity 
values such as PNEC, EC50, 
bioaccumulation coefficients and 
bioconcentration factors.

Compilation of a well-rounded 
database of toxicity endpoint 
criteria.

Generation of a list of key 
anthropogenic contaminants of 
concern. 

Field collections and 
laboratory studies to 
identify key hydrologic-
biogeochemical factors 
controlling uptake of 
geogenics.

Selection of metals of 
interest in relation to 
IWS basins.

Field and laboratory 
characterization of 
organic matter.

Initial microcosm (that is, 
exposure) studies.

Mid-term
(2- to 5-yr)

Feeding experiments of organisms 
such as snails and fish, in complex 
mixtures of contaminants such as 
those in WWTP.

In-situ mobile laboratory 
experiments using environmental 
complex mixtures.

Improvements to QSAR and 
DART modeling tools.

Field studies and computational 
toxicity tools to investigate 
CECs and potential proxies that 
can be used to predict the risk of 
anthropogenic contaminants 

Development and 
testing of a simple 
coupled hydrologic-
biogeochemical model 
to predict geogenic 
bioavailability and uptake 
in focus systems.

Development of improved 
analytical techniques for 
organometallic complex 
detection.

Bioaccumulation 
microcosm experiments.

Long-term
(10-yr)

Results from database compilation, 
laboratory and field work 
systematically incorporated 
into improved biogeochemical 
process-based models throughout 
this 10-year period.

Linkages between ecotoxicology 
studies and improved models to 
GIS mapping tools.

Enhancement of particulate 
matter characterization 
(that is, e-DNA, 
hyperspectral imaging); 
development and testing 
of proxies for select 
metals and water quality 
constituents.

Detection of organometallic 
complexes, in-situ 
improvements to 
predictive models with 
respect to organometallic 
bioavailability and 
ecosystem effects
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Expected Outcomes
Understanding the bio-exposure and uptake of AGC 

contributes to WMA priorities in water availability including 
quantity, quality, and support of beneficial uses and ecosystem 
health. Addressing questions surrounding these complex processes 
and mechanisms requires broad, interdisciplinary, cross-mission 
area approaches (fig. C2). The gaps in knowledge and approaches 
discussed here are not exhaustive but are considered some of 
the most pressing gaps to address to improve our predictive 
capabilities surrounding water quality. It is important to note that 
our recommendations can be coordinated with other objectives 
being developed by the WMA. Below are some key expected 
outcomes from this work:

•	 Identification of key metal species (as opposed to 
relying on total metal concentrations) and organic CECs 
contributing to bio-uptake and bioaccumulation concerns 
for aquatic organisms.

•	 Characterization of the speciation and bioavailability of 
metal and organic chemical associated particulate matter 
in IWS basins, improving predictive modeling.

•	 Determination of hydrologic-biogeochemical mechanisms 
contributing to residence time thresholds that play a key 
role in uptake of AGCs.

•	 Development of a framework to predict the bioavailability 
and uptake of organometallic complexes, based on metal and 
organic carbon sources unique to water bodies of concern, 
such as IWS basins.

•	 Improved analytical capabilities for rapid, cost-effective 
measurements of target organic chemical indicators indicative 
of various environmental stressors and anthropogenic sources.

•	 Improved analytical capabilities for measuring organometallic 
complexes. This type of measurement will be valuable to assess 
water quality and improve model inputs.

•	 Creation of a database of toxicity endpoint criteria for aquatic 
and human consumption for a prioritized list of chemicals, along 
with a method for normalizing these and providing a qualitative 
assessment tool associated with these toxicity values.

•	 Identification of key measurements that can be used as a proxy 
for anthropogenic contaminants to provide an alternative 
approach when discrete measurements of all contaminant 
types is cost prohibitive.

•	 Improvement of predictive modeling capabilities through the 
extensive development of QSAR and DART tools.

•	 Linkages between ecotoxicology models and GIS tools 
that can be used to assess water quality at variable (local to 
national) scales.

Figure C2.  Diagram of a 
proposed U.S. Geological 
Survey (USGS) integrated 
interdisciplinary, cross-
mission-area approach to 
deliver actionable water-
availability science to 
address complex processes 
and mechanisms for 
solving knowledge gaps in 
anthropogenic and geogenic 
contaminant bioexposures 
affecting aquatic 
ecosystems. GIS, geographic 
information systems; ML, 
machine learning; and R20, 
research to operation.
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Purpose and Scope
This chapter addresses knowledge gaps that, if filled, 

could improve predictions of aquatic ecosystem health as 
affected by fine sediment drivers. The gaps identified in 
this chapter are not intended to be comprehensive but are 
instead focused on key opportunities to fill knowledge gaps 
for the U.S. Geological Survey (USGS) Water Resources 
Mission Area (WMA, https://www.usgs.gov/mission-areas/
water-resources).

Statement of the Problem
The erosion, transport and delivery of fine-grained 

sediment is a major issue in the United States (U.S. 
Environmental Protection Agency [EPA], 1999). Key Findings 
of the National Water Quality Inventory Report to Congress 
(EPA, 2017c), which examined 3.5 million miles of our 
Nation’s rivers and streams, indicated sediment, along with 
pathogens and nutrients was the leading cause of pollution. 
Excessive sediment has caused loss of channel conveyance 
and reduction of reservoir storage capacity, as well as 
facilitated transport and storage of sorbed contaminants 
such as nutrients, metals, and anthropogenic contaminants 
(Owens and others, 2005; Larsen and others, 2010; Collins 
and others, 2017; DeGood, 2020). Furthermore, excess 
fine sediment degrades river ecosystems by clouding water 
supply and burying streambeds, reducing light availability 
for productivity, consuming oxygen, and decreasing overall 
habitat quality and food supply (Sutherland and others, 2010; 
Kondolf and others, 2014).

Fine-grained sediment (or “fine sediment”) is typically 
the largest proportion of the suspended load in channels, 
typically less than 0.063 millimeters (mm) in diameter, and 
with a large surface area for chemical sorption of a wide 
range of constituents (Turowski and others, 2010). Fine 
sediment consists of silts, clays, and organic matter including 
living algal cells and bacteria. If measured as suspended 
sediment concentration during stormflow, it may include 
larger-grained sediments such as sand or flocculated fine 
particles with an effective diameter greater than 0.063 mm 
(Owens and others, 2005).

As a pollutant, the importance of sediment to stakeholders 
is indicated by the EPA’s National Rivers and Streams 
Assessment that found that excess streambed sedimentation 
occurred in 15 percent of river and stream lengths (EPA, 2020). 
Impairments by fine sediment were among the most frequently 
reported impairments in United States rivers and streams, with 
fine sediment ranking 6th overall in total nationwide reporting 
of impairments (EPA, 2017c). Fine sediment impairments also 
are widespread, ranking 2nd in rating as a “top 5 impairment” 
in 16 out of 21 (76 percent) of the water resource accounting 
regions used by the EPA to summarize water quality 
impairments (listed under section 303(d) of the Clean Water Act 
[CWA; 33 U.S.C 1251, section 303(d), https://www.epa.gov/
tmdl]) using information similar to what can be found in the 
National Summary of Impaired Waters and total maximum daily 
load (TMDL) information (EPA, 2017b).

Understanding and quantifying the transport of fine 
sediment is central to the U.S. Geological Survey (USGS) 
Water Mission Area’s (WMA’s) goal of identifying causes of 
impaired water quality in aquatic ecosystems. Background 
concentrations of fine suspended sediment in healthy aquatic 
ecosystems vary greatly with geologic setting and land use 
(Robertson and others, 2006), and therefore no comprehensive 
national standard exists for fine sediment in streams. The focus 
is on measuring and modeling the effects of fine sediment on 
aquatic productivity and organism health, as well as drinking 
water quality and loss of reservoir storage. In order to manage 
the excess fine sediment problem and its degradation of the 
Nation’s rivers, it is imperative to understand the sources of fine 
sediment to rivers and its transit and storage times in the river 
network, as well as its role in transporting other constituents of 
concern (for example, phosphorus, metals), and the resulting 
effects on aquatic organisms and ecosystem functions (Gellis 
and Walling, 2011; Mukundan and others, 2012; Collins and 
others, 2017). The sources, transport, and fate of sediment and 
associated contaminants need to be identified to determine 
potential effectiveness of management strategies that will 
protect ecosystem services and water supply.

This chapter presents the principal knowledge gaps that the 
USGS identified in fine sediment drivers of aquatic ecological 
health. These gaps are hindering WMA’s capabilities to deliver 
scientific information to stakeholders who are responsible for 
managing a growing problem with excess fine sediment in the 
Nation’s waterways. The four knowledge gaps we identified are:

https://doi.org/10.3133/ofr20231085
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11.	 Understanding fine sediment sources and connectivity 
through the Nation’s waterways,

12.	 How fine sediment sources are apportioned between 
erosion in channel corridors versus uplands,

13.	 Predicting fine sediment-associated contaminants and 
biophysical drivers of eco-health, and

14.	 Ability to forecast climate and land-use driven alterations of 
fine sediment.

Here, we support the selection of these major knowledge 
gaps for fine sediment with a brief review of existing 
knowledge and capabilities, priorities for improvement, and 
initial suggestions for approaches and timelines. We discuss 
how renewed effort in these areas can support stakeholders 
who need to predict where, when, and how much fine 
sediment will impair aquatic ecosystems, water supply 
impoundments, and navigation channels.

Status of Knowledge and Capabilities 
Including Key Gaps and Limitations

Figure D1 illustrates the sources and storage areas of 
fine sediment in uplands and within the channel corridor that 
affect aquatic ecosystems. The general status of knowledge 
and information about fine sediment and related water-quality 
drivers is summarized in table D1, and includes fine sediment 
gaps, rationale, metrics and modeling, and key references. 
Throughout this chapter we summarize information about driving 
physical and biological processes and human influences, as well 
as the numbers and types of nationwide EPA 303(d) listings of 
impairments of surface waters. A supplementary table (table D2) 
provides information about primary constituents of concern and 
closely associated indicator measurements and physiochemical 
parameters. Table D2 provides notations and links to additional 
information about benchmarks for aquatic life, trends in 
exceedances of those benchmarks, along with notations about the 
general level of USGS data that are available for analysis.

Figure D1.  Diagram of drivers, sources, and storages of fine sediment and particle-associated contaminants affecting aquatic 
ecosystems and the four principal knowledge gaps identified by the U.S. Geological Survey (USGS) for fine sediment drivers of 
aquatic ecological health.
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What Gap Why
How—Measurements and 

modeling approaches
References

Sediment sourcing We do not have a 
comprehensive national 
understanding of fine 
sediment sources, that 
is, is sediment coming 
from upland erosion 
(agricultural areas, 
construction sites, or urban 
areas) vs. riparian areas or 
in-stream sources (stream 
bank erosion) vs. wetland 
or reservoir exceeding its 
storage capacity?

To mitigate fine sediment as 
a pollutant, it is imperative 
to identify sources. We do 
not have a comprehensive 
national strategy to identify 
and manage sources of 
excess fine sediment.

Sediment fingerprinting, sediment 
budgets, expanded suspended 
sediment concentration 
monitoring, use of turbidity as a 
surrogate

Gellis and Walling, 2011; 
Larsen and others, 2015; 
Gellis and others, 2016; 
Gellis and Gorman Sanisaca, 
2018; 
Collins and others, 2020.

Bank erosion We do not have models that 
can reliably estimate bank 
erosion contributions and 
separate them from upland 
sources. Coupled with 
nutrient and contaminant 
data of streambanks, 
enhanced models could 
provide insight into the role 
streambank erosion plays 
in nutrient and contaminant 
budgets.

Streambanks have been shown 
to be an important (often 
the dominant) sediment 
source and in many 
watersheds a contributor 
of sediment-associated 
contaminants. It is therefore 
important to acquire new 
data and build modeling 
capacity to estimate this 
process.

Physical models and statistical 
models both have their 
advantages and shortcomings. 
The USGS SPARROW model 
provides an excellent platform to 
incorporate metric based physical 
model results into a statistical 
model.

However, the problem of scaling 
between regional model 
predictions and local watershed 
outcomes that are of concern to 
stakeholders remains a key gap 
in sediment prediction. 

Sekely and others, 2002; 
Van Metre and Mahler, 2005; 
Ishee and others, 2015; 
Schmadel and others, 2019; 
Noe and others, 2020a.

Sediment 
contamination

We need to understand the 
factors controlling new and 
emerging sediment-related 
contaminants, in stream 
(with special focus on 
emerging contaminants) 
and partition their sources 
between upland (urban and 
agriculture) and channel 
corridor. 

Assessments of trends in 
recent and emerging 
chemicals of concern 
indicate various upland 
sources and their prevalence 
in river networks. We 
need better understanding 
of the sources, sinks, and 
transport pathways of these 
chemicals to effectively 
mitigate contamination 
through forensic tools.

Physical and statistical models to 
assess contaminant distribution 
and sourcing from depositional 
storage areas, such as ponds 
and reservoirs, examine links to 
water quality trends, examine 
sources and drivers of sediment-
water partitioning, for example, 
redox, pH, salinity.

Wainwright and others, 2011; 
Schmadel and others, 2019; 
Gellis and others, 2020.

Sediment 
connectivity

We need to understand how 
sediment sources are 
connected to the fluvial 
systems.

To understand the transit and 
residence time of sediment, 
landscape elements 
controlling connectivity 
need to be understood.

Lidar, GIS analysis, terrain analysis, 
modeling tools for understanding 
the links and feedback of erosion, 
transport and delivery also 
include watershed hydrologic 
assessments, such as water 
balance, time-varying flow paths, 
storage-streamflow relations, 
ecohydrology, and so forth.

Borselli and others, 2008; 
Karwan and others, 2018) 
Bracken and others, 2015; 
Crema and Cavalli, 2018; 
Gellis and others, 2019.

Sediment age 
dating

We have little to no 
understanding of the age 
of channel deposited 
sediment and suspended 
sediment.

Unspecified sediment storage 
processes may vastly 
delay the effectiveness of 
management practices on 
downstream water quality 
and ecology

Precipitation fallout radionuclides, 
other age tracers (for 
example sediment associated 
contaminants where the location 
and time of “spill” into the river 
is known).

Skalak and Pizzuto, 2010; 
Gellis and others, 2017; 
Bernhardt and others, 2018.

Table D1.  Summary of fine sediment knowledge gaps, including background rationale, metrics, modeling, and key references for 
water-quality drivers of aquatic ecosystem health identified by the U.S. Geological Survey (USGS).

[SPARROW, SPAtially Referenced Regression On Watershed attribute (https://www.usgs.gov/software/sparrow-modeling-program); GIS, geographic 
information systems.]

https://www.usgs.gov/software/sparrow-modeling-program
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1Turbidity can be used as a proxy for suspended sediment concentration and optical clarity from which light attenuation, photic depth, primary productivity, 
and other outcomes for ecosystem can be estimated.

What Gap Why
How—Measurements and 

modeling approaches
References

Turbidity1 Water-column light 
attenuation by suspended 
sediment decreases 
water clarity and photic 
depth, but its spatial and 
temporal variation and 
trends in the United States 
are poorly known; Its 
control on productivity, 
and on biological oxygen 
demand have not been 
widely estimated 

Light attenuation by 
turbidity; turbidity 
is important because 
it affects primary 
productivity and food 
quality for healthy 
food webs, as well as 
contributing to excessive 
oxygen consumption that 
may often lead to hypoxia. 

Harmonization of real-time and 
discrete turbidity data and 
analysis and remote sensing 
information, combined with 
related prediction of light 
attenuation, providing support 
for improved controls on 
primary productivity and 
ecosystem respiration in rivers.

Bussi and others, 2021; 
Savoy and Harvey, 2021.

Climate change 
drivers

We have little knowledge 
about how climate 
change affects sediment 
supply and transport.

In order for the management 
community to prepare for 
future sediment changes 
resulting from climate 
change, it is important to 
understand how climate 
change may affect the 
delivery of fine sediment to 
streams.

Suspended sediment, bedload, 
sediment budgets, sediment 
fingerprinting, and sediment 
and nutrient modeling.

Asselman, 1995; 
Collins and others, 2020;  
Moragoda and Cohen, 2020.

Table D1.—Continued

Two field measurements are commonly used to quantify fine 
sediment in streams: total suspended-solids (TSS) and suspended-
sediment concentrations (SSC). At present there are no quantitative 
national benchmarks for TSS and SSC to protect aquatic life. The 
closest to a national criterion that exists is a narrative standard in the 
EPA’s “Gold Book” (EPA, 1986) that is supported by discussion in 
Berry and others (2003). The standard reads:

“Settleable and suspended solids should not reduce the 
depth of the compensation point for photosynthetic 
activity by more than 10 percent from the seasonally 
established norm for aquatic life.” (EPA, 1986, p. 268).

Thus, the effects of fine sediment on light attenuation and resulting 
reduction in productivity and food webs are recognized, but not 
regulated at the National level. Each State often develops their 
own criteria (Berry and others, 2003) which may be better suited 
to account for how sediment concentrations and loads vary across 
the United States in response to climate, geology, and land use 
(Simon and others, 2004).

Aquatic ecosystems have an amount of fine sediment that 
varies according to contributing area, parent geology, grain size 
of sediment in channel bed, land use and sediment sources, and 
degree of organic carbon (OC) loading from the terrestrial system. 
The degree of fine sediment retention in the channel network 
is affected by flow, slope and roughness characteristics of the 
channel and floodplain, as well as by the rate of breakdown of 
fine particulate organic matter by decomposition. The “right” 
amount of fine sediment for an ecosystem varies but is usually 
present in a moderate amount at the appropriate time of year 
with characteristics of grain size and organic content that do not 

negatively affect aquatic habitats or food webs (Vannote and 
others, 1980; Resh and others, 1988; Wohl and others, 2007; 
Wohl and others, 2017). For example, coarse and fine particulate 
organic matter (CPOM and FPOM) input are crucial to detrital 
based aquatic food webs however too much FPOM during 
warm summer months may raise biological oxygen (O) demand 
and cause harm by creating hypoxic or anoxic conditions in the 
sediment and (or) the water column (Bernhardt and others, 2018).

One of the negative effects of fine sediment includes 
excessive amounts affecting biohabitats (Jones and others, 2012; 
Collins and others, 2015; Collins and others, 2017). Fine sediment 
has fundamental effects on hydraulics, river form, growth and 
persistence of aquatic vegetation, aquatic system productivity and 
respiration, and other related ecological functions. Excessive fine 
sediment can degrade these functions through a range of processes 
including: (1) raising water temperatures by absorbing heat energy, 
(2) reducing light transmission through the water and decreasing 
photosynthesis by aquatic plants that affects dissolved oxygen 
concentrations, (3) burying channel substrate and spawning 
areas, and (4) decreasing the conveyance and storage capacity of 
stream networks as a result of excessive deposition in ponds and 
lakes (Kjelland and others, 2015). Fine-grained sedimentation 
on streambeds can also restrict benthic algal and macrophyte 
productivity and respiration (Yamada and Nakamura, 2002) 
where much of the productivity that supports the food web occurs; 
furthermore, decomposition of fine particulate organic matter 
may directly influence food webs and secondary productivity 
of consumers up through fish and mammal communities. Fine 
sediment also affects habitat quality for aquatic organisms that 
spend a portion of their life cycle in close contact with sediments, 
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Constituent, or 
indicator, or driver, 

or ancillary variable
Relevance to aquatic system health

Level of concern from EPA 
303(d) listings of impaired 

waters

Benchmarks for 
aquatic life and level 

of exceedances
References

(SSC) and (TSS)1 Excess fine sediment causes loss of 
channel conveyance and reservoir 
storage capacity, facilitation 
of transport and storage of 
sorbed contaminants, burying 
of streambeds, consuming 
streambed O, and decreasing, 
direct interference with organism 
soft tissue and membranes, overall 
reduction in habitat quality.

EPA ranked fine sediment 
as 6th in number of 
nationally reported 
impairments; ranked 2nd 
as a “top 5” concern in 
76% of large river basins.

Refer to Quality 
Criteria for Water, 
1986 (“Gold 
Book”) for narrative 
statistics.

Kuhnle and Simon, 2000;
EPA, 1986 (“Gold Book”); 
EPA, 2017a, b, c.

Turbidity (FNU)2 Clouds water supply and may 
directly harm organism metabolic 
functions and feeding as well as 
reduce light availability for aquatic 
productivity, may indicate high 
levels of organics and microbial 
activity in water column that 
consume O and cause hypoxia.

EPA ranked turbidity as 11th 
in number of nationally 
reported impairments; 
ranked 8th as a “top 5” 
concern in 14% of large 
river basins.

FNU; NTU standard, 
like suspended 
sediment.

Joy and Jones, 2012.

Grain size of channel 
bed substrate3

Streambeds are critical habitat 
for macroinvertebrates such 
as aquatic insects and other 
infauna; growth substrate for 
benthic periphyton and algae and 
associated microbial colonies 
which provide a rich food source 
for particle feeding organisms 
in the food web. Also serves 
as a nursery area for fish eggs 
and early life stages of aquatic 
insects, refuge area during floods.

Many streams throughout 
the United States, over 
various contributing areas, 
geology, and land use.

Might have a D50 
standard or 
threshold where 
impairment or 
mortality may 
occur, i.e., salmon 
spawning gravels.

Kaufmann and others, 2009;
Riebe and others, 2014;
Konrad and Gellis 2018;
https://www.epa.gov/na-

tional-aquatic-resource-
surveys/data-national-
aquatic-resource-surveys;

https://www.epa.gov/na-
tional-aquatic-resource-
surveys/nrsa.

Organic content of 
sediment (mg/kg, 
g/kg, or mg/L)4

FPOM of the right amount and 
quality is critical to food webs 
however too much FPOM raises 
biological O demand and may 
cause hypoxia or anoxia.

— — —

Channel 
morphology

Sediment, flow, channel gradient; 
nutrient input, physical habitat.

Entire United States Benthic organisms Cluer and Thorne, 2014;
Jowett, 1998;
Newson and Newson, 2000.
https://www.epa.gov/

caddis-vol2/caddis-
volume-2-sources-
stressors-responses-
physical-habitat

Table D2.  Drivers and indicators of fine sediment dynamics and related physicochemical controls of aquatic ecosystem health.

[Information is provided on constituents, drivers, indicators, and ancillary variables; relevance to aquatic ecosystem health; U.S. Environmental Protection Agency level of 
concern, benchmarks, and exceedances; general availability of U.S. Geological Survey (USGS) data for analysis; and key links and references. EPA, U.S. Environmental 
Protection Agency; 303(d), Clean Water Act Section 303(d); SSC, suspended sediment concentration; TSS, total suspended solids; O, oxygen; NWIS, USGS National 
Water Information System; FNU, Formazin Nephelometric Unit; NTU, Nephelometric Turbidity Unit; USGS NAWQA, National Water Quality Assessment; NRSA, EPA 
National Rivers and Streams Assessment; DNR, Department of Natural Resources; FPOM, fine particulate organic matter; OC, organic carbon; Q, streamflow; ADCP, 
acoustic Doppler current profiler; sed., sediment; %, percent; mg/L, milligrams per liter; mg/kg, milligram per kilogram; g/kg, gram per kilogram; mm, millimeters; wt, 
weight; <, less than; —, unavailable). USGS parameter codes available at https://help.waterdata.usgs.gov/codes-and-parameters/.]

1Mass concentration of suspended sediment, TSS method biased toward finer fraction and organics.
2Measure of light scattering in water by suspended particles, plankton, and colored organic particles; directly estimates optical clarity and light availability, 

and is a useful surrogate for SSC.
3Summarized by metrics such as median grain size (D50), percent fines (mass fraction <0.063 mm), and others; methods include sieving field samples or in situ 

pebble counts, measures of soft sediment area and depth, etc.
4Measured both in suspended sediment and in bed sediment.

https://www.epa.gov/national-aquatic-resource-surveys/data-national-aquatic-resource-surveys
https://www.epa.gov/national-aquatic-resource-surveys/data-national-aquatic-resource-surveys
https://www.epa.gov/national-aquatic-resource-surveys/data-national-aquatic-resource-surveys
https://www.epa.gov/national-aquatic-resource-surveys/data-national-aquatic-resource-surveys
https://www.epa.gov/caddis-vol2/caddis-volume-2-sources-stressors-responses-physical-habitat
https://www.epa.gov/caddis-vol2/caddis-volume-2-sources-stressors-responses-physical-habitat
https://www.epa.gov/caddis-vol2/caddis-volume-2-sources-stressors-responses-physical-habitat
https://www.epa.gov/caddis-vol2/caddis-volume-2-sources-stressors-responses-physical-habitat
https://www.epa.gov/caddis-vol2/caddis-volume-2-sources-stressors-responses-physical-habitat
https://www.epa.gov/caddis-vol2/caddis-volume-2-sources-stressors-responses-physical-habitat
https://www.epa.gov/caddis-vol2/caddis-volume-2-sources-stressors-responses-physical-habitat
https://www.epa.gov/caddis-vol2/caddis-volume-2-sources-stressors-responses-physical-habitat
https://help.waterdata.usgs.gov/codes-and-parameters/
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using sediment as a substrate to cling to, for spawning, or as an 
escape from predation or as refugia from high temperatures and 
stormflow. Fine sediment deposition on streambeds particularly 
inhibits sensitive macroinvertebrate taxa (Burdon and others, 
2013). In addition to altering food sources and processing by 
macroinvertebrates, fine sediment clogs membranes and causes 
physical damage in many fish species.

Sediment-Associated Transport of Constituents

Fine sediment may transport particle-associated constituents 
through streams and rivers to downstream receiving waters 
including lakes, reservoirs, and estuaries. The sediments can 
sequester and may later release to overlying water a variety of 
nutrients (phosphorus [P] and nitrogen [N]), toxic inorganic 
elements [metals, metalloids, radionuclides]), industrial chemicals 
(petrochemicals, polycyclic aromatic hydrocarbons [PAHs]), 
refractory pollutants (dichlorodiphenyltrichloroethane [DDT], 
polychlorinated biphenyl [PCB], chlorinated dioxins, plasticizers), 
and many emerging contaminants (pharmaceuticals, perfluorinated 
chemicals). Many of these chemicals sorb to sediment, although 
the degree of sorption can vary with sediment properties (such 
as grain size, surface area, mineralogy, carbon [C] content, and 
associated microbial biomass) and water quality parameters (such 
as pH, redox, salinity, and complexing agents). These chemicals 
can be stored on sediments in riverbeds, on banks and floodplains, 
or they may be transported with sediment (as suspended sediment 
in surface water, stormwater, into subsurface groundwater paths, 
or through aeolian processes).

Many toxic and bioaccumulated pollutants can 
be associated with fine sediments, often by sorption or 
precipitation, such as nutrients, metals, radionuclides, 
pesticides, PAHs, and other anthropogenic compounds (Foster 
and others, 2000; Horowitz and Stephens, 2008). Contaminants 
may be associated with sediments for long or short periods 
of time because the weak bonding to sediment coatings is 
often reversable with a change in redox, pH, or salinity, all 
of which may influence either the sorption capacities or the 
stability of the geochemical coatings on the sediments. In 
particular, the precipitation or dissolution behavior of iron (Fe) 
and manganese (Mn) oxyhydroxides is pH-dependent, which 
affects not only the dissolved metal concentrations but also the 
dynamics of many potentially toxic trace metals (mercury [Hg], 
arsenic [As], cadmium [Cd], aluminum [Al], copper [Cu], and 
so forth) as well as nutrients that sorb to metal or to organic 
coatings on sediment. For example, sediment-associated Hg 
varies with size and organic content of suspended matter 
(Skalak and Pizzuto, 2014). In addition, P and ammonium are 
often sorbed to sediments and may be transported with fine 
sediments that are mobilized by erosion of riverbeds and banks. 
In the Chesapeake Bay watershed, an average of 73 percent of 
total P and 18 percent of total N was transported to the estuary 
in a form attached to sediment (Zhang and others, 2015), with a 
higher percent of sediment-associated nutrients being supplied 
by tributaries with the highest sediment loads (Zhang and 
others, 2015).

Sediment-associated chemicals are of particular concern to 
benthic aquatic organisms when the chemicals have the potential 
to bioaccumulate and biomagnify (for example, DDT, Hg). Within 
the USGS Water Resources Mission Area (WMA), the Regional 
Stream Quality Assessment (RSQA) has assessed the importance 
of many of these sediment-associated contaminants to stream 
ecology (Rogers and others, 2016; Moran and others, 2017). The 
investigation of some of these chemicals in sediment cores from 
lakes and reservoirs has provided (1) information on contaminant 
trends, (2) an assessment of the effectiveness of management 
actions such as banning of chemicals, and (3) important forensic 
tools for sediment sourcing and dating (for example, Van Metre 
and Mahler, 2005). Historical records of sediment-associated 
metal releases from mines can be derived from sediment cores 
in reservoirs, such as the study by Blake and others (2020) in a 
drinking water reservoir in New Mexico. Thus, sediment records 
can be integrators of constituent loading and long-term changes of 
ecosystem health.

A key research area in sediment-associated contaminants 
deals with new and emerging contaminants such as perfluorinated 
chemicals, bifenthrin and other current-use hydrophobic 
pesticides. Whereas there has been substantial research and 
progress in understanding organochlorines, metals, and to some 
extent PAHs in sedimentary records (Van Metre and Fuller, 
2009; Van Metre and Mahler, 2010), much work is left to be 
done on emerging contaminants. Perfluorinated chemicals are 
of high priority, because the distribution of these chemicals in 
the environment can be used to date and source sediment. In 
addition, the distribution of perfluorinated chemicals may provide 
information for similar (membrane and protein-associating) 
emerging contaminants. Sediment cores can record long-term 
inputs of per- and polyfluoroalkyl substances (PFAS) (Mussabek 
and others, 2019). An area of future research could examine 
existing archive material from USGS studies, focusing on WMA 
Integrated Water Science (IWS) basins where possible, and 
identify key places in IWS basins for possible follow-up work. 
This approach could benefit from building on existing dated 
material and ancillary data (a substantial cost in coring studies is 
the determination and interpretation of age models and ancillary 
data). Studies in contaminated urban sites could provide a good 
starting point for perfluorinated chemicals, as PAH and PFAS 
are commonly co-located. A second area of research could be 
to extrapolate and test the fidelity of chronology from previous 
studies (which may cover up to the 1990s) with modern coring 
efforts (Van Metre and Horowitz, 2013). This approach could also 
provide essential knowledge to determine if recent trends match 
previous trends, as well as the extent of alteration of previous 
trends through diagenesis. These approaches could provide 
connections between emerging contaminants in fine sediment and 
sedimentary records examined by other WMA efforts.

Sediment-associated nutrients have a role in legacy 
contamination and eutrophication of surface waters after they 
are released from sediments. Watershed P budgets have shown 
that P from eroding streambanks can contribute a substantial 
amount ranging from 6 to 93 percent of the total P load (Fox 
and others, 2016). In Lake Champlain, Vermont–New York, the 
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total phosphorus contributions from eroding streambanks ranged 
from 6 to 30 percent (Ishee and others, 2015). In the Blue Earth 
River, Minnesota, streambanks contributed 7 to 10 percent of the 
phosphorus load with more than 90 percent of the phosphorus 
load originating from moderate and severely eroding sites (Sekely 
and others, 2002). In Chesapeake Bay, a total watershed mass 
balance for P indicated that 23 percent of all P sources (defined 
as streambank, upland sediment delivery to streams, and residual 
term) originated from streambanks (Noe and others, 2022). What 
is striking about these numbers is that the models and studies on P 
sources and trends have examined the land-surface applied P and 
not the contributions from streambank erosion. Phosphorus sources 
from within the river corridor also come from remobilization 
within ponds and reservoirs. In the Lower Susquehanna River 
of the Chesapeake Bay watershed, the three main reservoirs 
are approaching an equilibrium condition where the amount of 
phosphorus that settles with fine sediment is balanced by scouring 
during high flow events (Zhang and others, 2016).

Sorbed P and N that are released from sediments can 
become bioavailable and (or) cause algal blooms that may lead 
to fish kills. For example, changes in redox conditions can be 
the driver of P release, which can be affected by downstream 
widening, slowing, and blockage of river flow, which creates 
pooled waters that are deeper and have a longer residence time, 
while also having less mixing and reaeration of dissolved O 
across the water surface. Under such conditions, biogeochemical 
reactions such as aerobic respiration can consume much of the 
available O, causing anoxic conditions at sediment interfaces that 
promote the release of P from sediments. Desorption of P from 
sediments in small stormwater ponds is also an important source 
of P in the upstream channel network (Taguchi and others, 2020). 
Ammonium sequestration by fine sediment can be controlled by 
sorption to metal coatings that have precipitated on sediments. 
Release of adsorbed ammonium can therefore be controlled by 
redox conditions that affect Fe3+/Fe2+ redox coupling or pH that 
may affect precipitation-dissolution kinetics.

Temporal changes in sediment-associated contamination in 
waterways have been studied by examining reservoir and lake 
cores to reveal an integrated contamination history of the inflowing 
streams and rivers. An important example are PAHs, which are a 
common contaminant in urban lakes and streams; cores from 40 
lakes in urban areas across the United States indicate an increase 
in PAHs from the 1970s to 2000s with coal-tar based sealcoat 
being the largest source, followed by vehicle-related sources and 
coal combustion (Van Metre and Mahler, 2010). Sediment cores 
from 10 reservoirs and lakes in the United States indicated an 
association between PAHs and the amount of urban area in the 
basin (Van Metre and others, 2000) with PAH concentrations 
increasing over the last 20 to 40 years. The increased concentrations 
were associated with increasing combustion sources and with 
increased automobile use (Van Metre and Mahler, 2010; Van Metre 
and others, 2004). Sediment cores collected from 38 urban and 
reference lakes across the United States that were used to reconstruct 
water-quality histories, indicated downward trends in DDT and in 
dichlorodiphenyldichloroethylene (p,p′-DDE) concentrations, the 
main metabolite of DDT known to cause abnormalities in male 

sex development, and in total PCBs concentrations (Van Metre 
and Mahler, 2005). Upward and downward trends with time were 
observed for accumulation of chlordane, whereas trends in PAHs 
were mostly upward. However, it was noted that reservoir bottom-
sediment samples might underestimate concentrations of organic 
contaminants in some streams (Van Metre and Mahler, 2004). In 
a recent study, a fine-particle breakdown of tire rubber, 6PPD-
quinone, was found to be the answer to a decade-long search for the 
contaminant that poisons coho salmon (Oncorhynchus kisutch) after 
rainstorms in Puget Sound streams, and likely affects fish in urban 
waterways everywhere (Tian and others, 2021).

Many stream restorations projects focus on reducing fine 
sediment. Stream restoration projects that facilitate greater 
filtration of urban stream waters through soil and streambed 
sediment may be an effective management practice. Age-dated 
sediment cores could help prioritize regions of concern as a 
function of population density, stormwater infrastructure age, 
impervious surface, and other land use factors that inform model 
interpretations of water-quality trends at regional and national 
scales (Van Metre and others, 2004).

Managing Fine Sediment

When a river is determined to be impaired by sediment, 
it is placed on the EPA 303(d) list and a sediment TMDL may 
be implemented. Identifying sediment sources is an important 
step in the EPA’s TMDL process (fig. D2), yet the States, Tribes, 
and local governments charged with this assessment and source 
tracking are often lacking standard guidance on appropriate tools 
available to quantify sediment sources and develop sediment 
budgets (Belmont and others, 2011; Gellis and others, 2016). 
Comprehensive data and models may be needed to assess fine 
sediment sources. A similar conclusion was reached in a review 
of sediment TMDLs in EPA Region IV (Southeast) in 2002 by 
the TMDL technical advisory group (TAG), a group composed 
of scientists from universities, Federal and State agencies, and 
non-governmental organizations (Keyes and Radcliffe, 2002). Two 
of the goals of the TAG were to identify general characteristics 
of scientifically based sediment TMDLs and to recommend a 
protocol for establishing sediment TMDLs in Georgia.

Recommendations by the TAG for sediment TMDL source 
assessment protocols, as described by Gellis and others (2016) 
included: (1) identify the problem based on currently available 
information, including water quality monitoring data, watershed 
analyses, information from the public, and any existing watershed 
studies; and (2) inventory the potential sediment sources and 
pathways by which sediment enters the waterbody, and thus obtain 
a robust quantification of the relative contribution from various 
sediment sources (emphasizing upland soil erosion or from 
channel corridor sources). The last recommendation highlights 
the fundamental question of whether sediment originates from 
upland soil erosion (for example, farmland, resource extraction, 
urban development) or channel bank erosion (Gellis and Walling, 
2011), which can have substantial economic repercussions 
for stakeholders who must select whether to focus on stream 
restoration or soil conservation efforts.
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Gaps in Fine Sediment Drivers and 
Associated Contaminants

Four principal knowledge gaps were introduced in the 
“Statement of the Problem” section of this chapter that limit our 
capabilities to predict fine-sediment impairment of ecological health:
	 1.	 Understanding fine sediment sources and connectivity 

through the Nation’s waterways,

	 2.	 How fine sediment sources are apportioned between erosion 
in channel corridor versus uplands,

	 3.	 Predicting fine sediment-associated contaminants and 
biophysical drivers of eco-health, and

	 4.	 Ability to forecast climate and land-use driven alterations of 
fine sediment.

Information about sources, transport, and fate of fine sediment 
in streams throughout the Nation, implications for modeling 
sediment-associated contaminants and biophysical interactions 
affecting eco-health, and anticipating future changes driven by 
a changing climate and land use change (fig. D1) are important 
for enhancing the state of the science. Below we describe the 
four knowledge gaps in greater detail and begin to discuss how 
addressing gaps in fine sediment science can support stakeholders. 

Gap 1. Understanding Fine Sediment Sources and 
Connectivity Through the Nation’s Waterways

There is a gap in understanding the sources, transport, and 
fate of fine sediment (<0.063 mm; silts, clays, and fine particulate 

Figure D2.  Flow diagram of the components in the sediment total maximum daily load (TMDL) procedure. 
Identifying sediment sources are important steps in the U.S. Environmental Protection Agency’s (EPA) TMDL 
process. Modified from EPA, 1999.

AAXXXX_fig 01

organic matter) in most river basins; only a few have been 
studied in detail. Sediment budgets quantify sediment dynamics 
from “source to sink” using data to estimate rates of erosion and 
export from other fine sediment sources to the fluvial system. 
Constructing a sediment budget requires compiling relevant data 
such as suspended sediment concentration and flux measurements 
and combining this information with estimates of fine sediment 
sources including soil and bank erosion, storage volumes and ages 
of sediment in channel margin, floodplain, and reservoir storage, 
and so forth. Computational tools such as fallout radionuclides 
are used to identify source areas and age-date the sediment. 
Extrapolation of metrics developed in well-studied cases are 
needed to model fine-sediment sources at scales ranging from 
small to medium watersheds (less than 250 square kilometers 
[km2]) up to regional-sized river basins. Model output at a range of 
scales can inform stakeholders about the importance of landscape 
best-management practices (BMPs) versus stream restoration to 
mitigate negative outcomes. Models are used to answer questions 
such as, “Where is the majority of fine sediment originating 
from?” and “How long will it take for us to see the effects of 
upstream management actions on downstream outcomes that 
decrease the adverse effects of fine sediment?”

Gap 2. How Fine Sediment Sources are 
Apportioned Between Erosion in Channel 
Corridor Versus Uplands

A corollary of gap 1 is distinguishing sources of fine 
sediment from within the channel corridor versus from upland 
areas, including forest, agricultural, or urban areas. Identifying 
channel versus upland sources invokes totally different 
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turn will redistribute loadings and mobilize new sources of fine 
sediment and associated contaminants. In turn, this may affect 
P loading, coastal sediment budgets, fine sediment colmation of 
streambeds, and biological O demand. Changes in climate and 
land-use together are likely to affect fine sediment dynamics 
throughout the Nation’s fluvial system for a broad range of land 
uses whether forested, cultivated, or urbanized. These potential 
changes lead to a few questions. Will increased drought and 
wildfires (and associated debris flows) in the western United 
States increase sediment loads, turbidity and biological O demand, 
channel aggradation, and flooding? For example, in the western 
United States, longer wildfire seasons and hotter fires are altering 
soil integrity by increasing hydrophobicity and erodibility and are 
expected to increase loading of fine sediment with a high black C 
content and biological O demand to streams under post-wildfire 
conditions (Wagner and others, 2015). In the northeastern United 
States, where a wetter and warmer climate is predicted (Rustad 
and others, 2012), will channel morphology and sediment-
associated loadings of nutrients adjust in ways that exacerbate 
large river and estuarine algal blooms? For the management 
community to prepare for the future, an adaptive modeling 
capacity is needed along with well-conceived scenarios to bracket 
a range of potential future drivers.

Addressing Gaps—Approaches and 
Priorities

A summary of fine sediment gaps, including background and 
rationale and measurements, metrics, and modeling approaches, 
as well as key references is provided in table D1. Gaps are listed 
individually but each of the gaps is not isolated from the other 
gaps; rather most of the gaps are interdependent.

Tracing Sediment Sources

An understanding of the source-to-sink dynamics of fine 
sediment is needed to improve predictive capabilities (fig. D1). 
A source-to-sink characterization involves sediment source 
type, erosion, delivery, transport, and storage controls, all of 
which can benefit from the use of tracers to identify sources. 
Recent advances in using the geochemical properties (sediment 
fingerprinting), to trace sediment source areas and ages vastly 
improved calculating sediment budgets by providing a direct, 
quantitative estimate of the source contributions of fine sediment 
(Gellis and Walling, 2011; Gellis and others, 2016; Collins and 
others, 2020). This approach entails the identification of specific 
sources of sediment through the establishment of a minimal 
set of physical and (or) chemical properties, that is, tracers that 
uniquely define each source in the watershed. Fine sediments 
collected under different flow conditions exhibit a composite, 
or fingerprint of properties that allows them to be traced back to 
their respective sources. Tracers that have successfully been used 
in the sediment-fingerprinting approach include color (Martínez-
Carreras and others, 2010; Barthod and others, 2015), grain 

management strategies and thus it is imperative to distinguish. 
Source tracking methods combined with sediment budgets have 
been proven to partition channel versus upland sources. However, 
the field and laboratory work are expensive and time consuming, 
and thus there is a need for prioritizing key research areas that can 
eventually support model extrapolation throughout the Nation. 
Identifying source areas of excess fine sediment can provide the 
foundation for developing effective management strategies for 
stakeholders. Another key element of understanding sediment 
sources is determining the hydrologic pathways and sediment 
connectivity, over varying spatial and temporal scales, which 
occurs between the erosion, transport, storage, and delivery of 
sediment. Forecasting climate and land use changes also relies on 
this understanding.

Gap 3. Predicting Fine Sediment-Associated 
Contaminants and Biophysical Drivers of Eco-Health

Currently there is not a robust method to estimate the relative 
contributions of contaminants from streambank sources and 
how this compares with upland sources, in terms of their effect 
on sensitive aquatic systems. Yet, studies in a few areas have 
identified channel corridor processes as a dominant source of fine 
sediment and possibly also of certain associated contaminants 
(Fox and other, 2016; Noe and others, 2022). For example, bank 
erosion can be a source of fine sediment, as well as contaminant 
releases from sediments beneath slow-moving waters of ponds, 
wetlands, and reservoirs on the river network. Studies have 
shown that the mobilization of contaminants such as P from bank 
erosion, and from ponds and reservoirs, could be significant in the 
total watershed nutrient budget, yet wider spatial and temporal 
coverage is needed, not only for P but for a number of constituents 
of concern (OC, pesticides, heavy metals, and many anthropogenic 
contaminants). However, a full mass-balance of all sediment and 
P in these areas is needed to better define the sources of nutrients 
and other contaminants and determine the relative importance of 
stream bank erosion and upland sources.

Light attenuation caused by fine sediment has also been a 
driver of ecosystem degradation. Fine sediment which contains a 
high percentage of organic material can also increase O demand, 
which lowers O concentrations and degrades ecosystem habitat 
and food quality. Gaps exist in modeling fine sediment drivers of 
aquatic light availability and primary production, healthy O levels, 
and habitat quality as well as modeling particle-facilitated transport, 
storage, and remobilization of constituents. To be effective, 
modeling advancements need to be scalable and transferable to 
serve stakeholders wherever needed in the United States.

Gap 4. Ability to Forecast Climate and Land-Use 
Driven Alterations of Fine Sediment

Climate driven changes in precipitation and land use change 
influences flow regimes that will affect the erosion, delivery, and 
transport of watershed sediment sources as well as channel form 
and hydraulics. These changes, caused by changes in flow, in 
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size (Kurashige and Fusejima, 1997; Weltje and Prins, 2007); 
organic matter fluorescence (Larsen and others, 2015), signatures 
clay mineralogy (Eberl, 2004; Gingele and De Deckker, 2005), 
mineral-magnetism (Zhang and others, 2008; Maher and others, 
2009), geochemistry (Gellis and Gorman Sanisaca, 2018), fallout 
radionuclides (Belmont and others, 2014; Evrard and others, 
2016; Gellis and others, 2017), bulk stable isotopes and isotopic 
ratios (Fox and Papanicolaou, 2008), and biomarkers and biologic 
properties (Hancock and Revill, 2013; Alewell and others, 2016; 
Reiffarth and others, 2016). Sediment in channel storage on the 
bed of the channel (drape or interstitial) can be an important source 
of sediment. However, this sediment is derived from upstream 
sources (bed, banks, and uplands) and is a mixture of geochemical 
concentrations from these sources and may not have a unique 
fingerprint. However, recent work using microbial DNA indicates 
that source material can have a unique assemblage of bacteria and 
DNA (Zhang and others, 2016; Evrard and others, 2019). Thus, 
we identify that sediment deposited on the bed of the channel is a 
”knowledge gap” in sediment fingerprinting science. The use of 
DNA to fingerprint bed sediment could be further examined.

Fallout radionuclides (FRN) (excess lead-210 [210Pbex] and 
beryllium-7 [7Be]) were used in the RSQA–NAWQA (National 
Water Quality Assessment) program to determine the sources of 
sediment (upland versus channel) for large regions of the United 
States (Gellis and others, 2017). Excess 210Pb and 7Be FRNs can 
also be used to date fluvial sediment (7Be to one year and 210Pbex 
to approximately 100 years). The age of sediment can inform 
managers of the timescales when BMPs may show an effect. If 
sediment ages are estimated to be relatively young (that is, a few 
years or less), then monitoring programs may be expected to 
show a relatively quick decrease in sediment related to specific 
management actions that target those sources. If sediment is older 
(that is, decades), then it is likely to take longer to see a reduction 
in sediment concentrations and loads. Combining sediment-source 
analysis with age dating can provide modelers with data needed 
to predict sources and outcomes that will help inform managers 
about effective means of control.

For modeling sediment, it has been proposed to collect bed 
sediment at monitoring stations in each USGS WMA study basin 
to determine the sources and ages of sediment. Sediment sources 
and sediment ages could be estimated through development of a 
regional sediment model for the proposed USGS large regional 
areas (such as the Delaware River Basin, Upper Colorado River 
Basin, and Illinois River Basin). The proposed statistical model 
could build upon existing models developed for the Delaware 
River Basin (Noe and others, 2020b; https://www2.usgs.gov/
water/southatlantic/projects/floodplains/) which used data from 
field collection at 15 monitoring sites and the Floodplain and 
Channel Evaluation Tool (FACET, https://www.usgs.gov/software/
floodplain-and-channel-evaluation-tool-facet). Dendrochronology, 
field surveying, and sediment physio-chemistry were used to 
calculate changes in floodplain deposition and streambank 
erosion over time to create a quasi-sediment budget for each site. 
FACET incorporates high resolution airborne lidar to estimate 
channel morphology, and along with characteristics of the 
upstream drainage area, was used to extrapolate the monitoring 

station results for large river basins. Statistical analysis which 
included random forest regression was used to develop statistical 
models of sediment flux with predictions of floodplain and 
streambank flux for each National Hydrography Dataset Plus 
version 2 (NHDPlusV2) reach (https://www.epa.gov/waterdata/
get-nhdplus-national-hydrography-dataset-plus-data).

Modeling Fine Sediment Dynamics and 
Associated Contaminants

Sources of excess N or P may be from sources mobilized 
in the present season, or they may be from “legacy sources” 
where nutrients were stored in soils, groundwaters, or in river or 
reservoir sediments for several seasons, years, or decades before 
being released and transported to receiving waters. Commonly 
used water quality models do not typically quantify “legacy 
sources” of sediment-associated nutrients or characterize 
the key controls and their associated lag times, and therefore 
these models may overlook key dynamic processes that may 
trigger adverse effects such as hypoxia and anoxia and harmful 
algal blooms (HABs). Nutrients transported with sediments 
and later released to the water column can exacerbate these 
conditions. Conservation practices may affect legacy sources 
differently than contemporary sources or take longer to be 
effective. Modeling of legacy nutrient sources beyond the 
reach of conservation practices has high potential to improve 
management strategies.

Among the predictive models that have been applied 
everywhere in the Nation are the USGS SPARROW sediment 
models (Brakebill and others, 2010; Robertson and Saad, 2019) 
as well as sediment-trend analysis (Murphy, 2020). However, 
these approaches tend to not separate terrestrial topsoil erosion 
sources from channel corridor erosion sources, which all require 
different management strategies. For example, recent studies 
indicate that streambanks may not only be an important source 
but the dominant source of sediment in many areas (Noe and 
others, 2020a). In addition, studies in the Midwestern United 
States, Lake Champlain in Vermont, and Chesapeake Bay 
indicate that eroding streambanks also contain high levels of N 
and P, and possibly other contaminants (pesticides, insecticides, 
and PAHs) (Sekely and others, 2002; Schilling and others, 2009; 
Ishee and others, 2015).

Extended model capabilities are needed that provide:
•	 Statistically based and physics guided model structure (for 

example, SPARROW or similar) with spatial referencing 
of flow and transport parameters (for example, Schmadel 
and others, 2019);

•	 Dynamically enabled model structure that specifies both 
sources and sinks for fine sediment and constituents in the 
channel corridor;

•	 Input predictors that help identify sources, timing, and 
causes of excess nutrient deliveries to receiving waters, 
including legacy contributions, that fuel hypoxia and 
HABs; and

https://www2.usgs.gov/water/southatlantic/projects/floodplains/
https://www2.usgs.gov/water/southatlantic/projects/floodplains/
https://www.usgs.gov/software/floodplain-and-channel-evaluation-tool-facet
https://www.usgs.gov/software/floodplain-and-channel-evaluation-tool-facet
https://www.epa.gov/waterdata/get-nhdplus-national-hydrography-dataset-plus-data
https://www.epa.gov/waterdata/get-nhdplus-national-hydrography-dataset-plus-data
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•	 Seasonal to decadal, scenario-based load projections to 
help prioritize the most effective mitigation strategies.

These new modeling strategies could help build communities of 
collaborators to address the grand challenge of hypoxia and HABs 
with new science that improves control efforts and informs new 
styles of management (for example, nutrient trading).

There are additional gaps in understanding fine sediment 
that could help address how the fluvial system could respond to 
climate change. Climate driven changes in flow regime could 
affect hydraulics and suspended sediment loads in ways that 
affect nutrient loading, coastal sediment budgets, fine sediment 
colmation of streambeds, biological oxygen demand, and others. 
The effects of climate change are uncertain. For example, how and 
where will flows change in a wetter and warmer eastern United 
States to affect the sediment regime? In the American west, will 
increasing drought and wildfires (and associated debris flows) 
lead to channel aggradation and flooding? Concomitantly, how 
and where in the watershed will climate change affect sediment 
sources? Lastly, how long will it take to adjust management 
actions to reduce sediment fluxes?

Furthermore, the USGS and its partners still do not have 
a robust method to estimate streambank erosion nor quantify 
the contributions of sediment, nutrients, and contaminants from 
streambank erosion. How can fine sediment from channel storage 
(bed material) be traced? The USGS WMA has an opportunity to 
develop measurement tools and modeling techniques to estimate 
the relative importance of streambank erosion to other sources, as 
well as to account for how those sources change over time along 
with changing channel morphology and hydroclimatic drivers.

Timelines

Near-Term (2 Years)

Within two years, the WMA could develop a proof-of-
concept approach to developing a sediment budget for one of 
the WMA IWS basins and surrounding regional drainage basins. 
The focus of the sediment budget would be on sediment-source 
and sediment flux characterization, with modeling informed by 
already published and ongoing studies of upland and channel 
bank sediment sources, channel and floodplain fluxes, turbidity 
as a surrogate for fluxes, and sediment age determinations. 
Ideally there could be investigations using sediment sourcing 
and sediment age dating using fallout radionuclides (7Be, 210Pbex, 
cesium-137 [137Cs]), as well as upland sediment modelling using 
the revised universal soil loss equation (RUSLE, https://www.
ars.usda.gov/southeast-area/oxford-ms/national-sedimentation-
laboratory/watershed-physical-processes-research/docs/revised-
universal-soil-loss-equation-rusle-welcome-to-rusle-1-and-
rusle-2/) or similar with remapped soil properties (for example, 
Chaney and others, 2019; Woznicki and others, 2020) combined 
with a digital elevation model (DEM) connectivity-model 
tracking channel and floodplain fluxes using the FACET model 
or similar tools. Products could include: (1) sediment budget 

storyboard showing how fine sediment is transferred from 
source to sink; (2) proof-of-concept of a method to distinguish 
uplands and channel bed as a sediment source; and (3) time-
averaged (seasonal or monthly) statistical model of sediment 
sources and fluxes for one or more WMA IWS basins and the 
surrounding regional drainage basin.

Mid-Term (2–5 Years)

Within 5 years, the WMA could expand into additional 
IWS basins and their regional drainage basins with statistical 
models describing sediment sources and sediment fluxes. 
Statistical analysis could be expanded to include random forest 
regression or other statistical approaches (such as enhanced 
SPARROW models) to develop statistical models of sediment 
flux with predictions of floodplain and streambank flux for each 
NHDPlusV2 reach. Comparisons could also be made between 
existing USGS models and other models, that is, regional 
SPARROW models compared with Soil and Water Assessment 
Tool (SWAT) models (https://swat.tamu.edu/) where predictions 
from one model at a single scale could be incorporated as 
predictors in another model at a different scale. For example, 
SWAT has more process-related variables, but it also has greater 
requirements for data inputs; therefore, SWAT tends to be typically 
used only in small watersheds. Comparing SWAT results with 
SPARROW estimations from larger basins could improve the 
scaling capacity of SWAT and the process basis in SPARROW. 
The result may provide a scalable, process-guided statistical model 
of sediment sources and fluxes that could be widely applicable 
throughout the United States. Products from these type of efforts 
may include: (1) enhanced sediment budget storyboarding of 
how fine sediment is transferred from source to sink; (2) scalable 
process-guided statistical models of sediment sources; (3) 
sediment fluxes for multiple IWS basins and surrounding regional 
drainage basins; and (4) inter-agency interactions in sediment 
modeling, for example SPARROW-SWAT comparisons, to 
build process modeling skill of regional-scale statistical models 
could lead to further interactions between the USGS and the U.S. 
Department of Agriculture (USDA).

Long-Term (10 Years)

A long-range plan could be develop a national model of 
sediment sourcing and fluxes that includes floodplain, ponded 
water, and streambank erosion-deposition fluxes. By incorporating 
results from IWS basins (Delaware River Basin, Upper Colorado 
River Basin, Illinois River Basin, and future basins), we could 
obtain the fluvial sediment flux estimates and streambank and 
floodplain fluxes necessary for a model. FACET, random forest 
(a machine learning algorithm), and SPARROW models could 
be used to improve the accuracy, timeliness, and spatial extent of 
improved sediment flux estimates and sources in unmonitored 
areas across the country. This sediment information could then 
be used directly by resource managers and be incorporated into 
regional or national models to improve estimates of sediment flux 

https://www.ars.usda.gov/southeast-area/oxford-ms/national-sedimentation-laboratory/watershed-physical-processes-research/docs/revised-universal-soil-loss-equation-rusle-welcome-to-rusle-1-and-rusle-2/
https://www.ars.usda.gov/southeast-area/oxford-ms/national-sedimentation-laboratory/watershed-physical-processes-research/docs/revised-universal-soil-loss-equation-rusle-welcome-to-rusle-1-and-rusle-2/
https://www.ars.usda.gov/southeast-area/oxford-ms/national-sedimentation-laboratory/watershed-physical-processes-research/docs/revised-universal-soil-loss-equation-rusle-welcome-to-rusle-1-and-rusle-2/
https://www.ars.usda.gov/southeast-area/oxford-ms/national-sedimentation-laboratory/watershed-physical-processes-research/docs/revised-universal-soil-loss-equation-rusle-welcome-to-rusle-1-and-rusle-2/
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https://swat.tamu.edu/
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which in many areas is important in describing water availability 
from water-supply sedimentation and turbidity. Products include: 
(1) National model of sediment sources, fluxes, and ages that is 
process guided and can therefore predict future conditions based 
on scenarios of land-use and climate change; and (2) full sediment 
budget storyboard of how fine sediment is transferred from source 
to sink.
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Purpose and Scope
This chapter addresses knowledge gaps that, if filled, 

could improve predictions of aquatic ecosystem health as 
affected by freshwater salinization. The gaps identified in this 
chapter are not intended to be comprehensive but are instead 
focused on key opportunities for the U.S. Geological Survey 
(USGS) Water Resources Mission Area (WMA, https://www.
usgs.gov/mission-areas/water-resources). Salinity effects 
on beneficial uses of water are not addressed in this chapter 
but are covered in Chapter B of Tesoriero and others (2024), 
“Addressing Salinity Challenges to the Beneficial Uses of 
Water,” the companion Open-File Report to this publication.

Statement of the Problem
Freshwater salinization is a primary concern for 

human health and aquatic life. The increasing salinity of 
freshwater resources in the United States poses a direct 
threat to ecological health and beneficial uses of that water 
on a national scale (Stets and others, 2020). Salinity is the 
sum of dissolved salts in water. However, unlike seawater, 
which has high concentrations of sodium (Na) and chloride 
(Cl) ions, freshwater tends to have several ions in various 
concentrations—for example, calcium (Ca), Cl, magnesium 
(Mg), potassium (K), and sulfate. In areas with hard or more 
alkaline water, Na and Cl may be in lower concentrations 
than Ca, Mg, bicarbonate, and sulfate. In contrast, pore water 
or groundwater in sedimentary basins, including many areas 
where energy development is presently concentrated, may 
have salinity that is similar to or greater than seawater, with 
major chemical composition varying based on terrestrial 
processes such as evaporation, water-rock interactions, 
and mixing of different water types, including mixing with 
groundwaters that contain relict seawater (Kharaka and Hanor, 
2014). These disparate sources of ions contribute to the 
total salinity of water which can be inferred or measured in 
water by determining individual ion concentrations, specific 
conductance, or total dissolved solids (TDS)—which includes 
dissolved organic components.

Salinity and salinization of freshwater have long been leading 
water quality issues nationally and globally. The primary effects 
related to ecological health are related to lethal and sublethal 
effects on aquatic communities, loss of biodiversity, mobilization 
of contaminants, and effects on the riverine carbon cycle (Kaushal 
and others, 2021; Stets and others, 2020). In a U.S. Geological 
Survey (USGS) study of water-quality trends in United States 
rivers, Shoda and others (2019) determined that 26 percent of sites 
exceeded the U.S. Environmental Protection Agency’s (EPA’s) 
National Recommended Water-Quality Criteria stream aquatic life 
level of concern (LOC) for TDS. In a similar vein, in a study of Cl 
trends in northern United States urban streams (Corsi and others, 
2015), 29 percent of sites studied exceeded the concentration for 
the EPA chronic water quality criteria of 230 milligrams per liter 
(mg/L) by an average of more than 100 individual days per year 
during 2006–2011. Moreover, recent analyses of USGS water 
quality data across the United States have identified a multi-
decadal trend of increasing salinity in rivers and streams on a 
continental scale (Kaushal and others, 2018; Stets and others, 
2020), focused particularly in urban-influenced watersheds.

Increases in alkalinity are also associated with salt pollution, 
although the environmental effects of alkalinization have received 
comparatively less attention and are perhaps less well understood 
than those of salinity (Kaushal and others, 2018). Many sources 
release alkaline salts like bicarbonate into the environment, 
including weathering of impervious surfaces, fertilizer and lime 
use in agriculture, mine drainage, irrigation runoff, and winter 
use of road salt. For example, Na in road salt can act to release 
the alkaline salts which then wash into freshwater ecosystems. 
Bicarbonate, the predominant form of dissolved inorganic carbon 
(DIC) in natural waters, originates primarily from watershed 
mineral weathering; however, human activities affect riverine 
bicarbonate fluxes, and we still cannot estimate the net effect on 
the global scale (Hamilton and Raymond, 2018).

The effects of freshwater salinization are a pervasive 
environmental issue and further study is needed for aggressive 
management strategies (Kaushal and others, 2018). Research is 
also needed to understand how changes in salinity, and in specific 
major ion concentrations, are related to specific water quality 
drivers and how those changes might be affecting aquatic ecology 
and ecosystem services (Stets and others, 2020) through toxicity 
or contaminant mobilization. More research is also crucial to 
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adequately understand the effects of salinization on riverine carbon 
cycles (Kaushal and others, 2018).

Status of Knowledge and Key Limitations
The interrelated issues of salt ions and chemical, biological, 

and geologic parameters and consequences on the environment 
is called Freshwater Salinization Syndrome (Kaushal and 
others, 2021), and the key conceptual elements related to 
aquatic ecosystems are summarized in figure E1 and table E1. 
The general status of knowledge and information about salinity 
and related water-quality drivers is summarized in table E2. 
Many human activities contribute to increased salinity through 
a variety of processes, which complicates identification of the 
drivers of salinity increases or generalizes their effects on aquatic 
ecosystems. The predominant sources of salinity are well-known, 
and the sources driving observed changes include anthropogenic 
inputs of salt such as road salt, wastewater, water treatment, brine 
disposal, agricultural runoff; acceleration of natural weathering or 
water-rock interaction via acid rain, fertilizers, acid-mine drainage; 
and weathering of construction and manufacturing materials such 
as cement, lime, and concrete (Kaushal and others, 2018). Some 
of the environmental factors driving changes in salinity include 
climate change (for example, timing and amount of precipitation 
related to various kinds of runoff or chemical weathering), changes 
in water use (for example, surface water diversion, groundwater 
withdrawal, irrigation), changes in land-use and land cover, and 
sea level rise.

Many environmental ramifications of freshwater 
salinization are listed by Kaushal and others (2018), and include 
influencing the rates of coastal ocean acidification, the effects 
of toxicants, the water-sediment partitioning of toxic elements, 
decreasing soil stability and fertility, leaching and mobilization 
of nutrients, controlling the quality and release of organic 
matter from soils to streams, and altering aquatic ecosystem 
community structure. Some listed effects of alkalinization 
include changes in dissolved organic carbon (DOC) transported 
by rivers, changes in dissolved carbon dioxide, and influencing 
the distribution of invasive mussels. A recent analysis by Stets 
and others (2020) highlights the loss of stream biodiversity 
as one reason salinization is gaining attention as a worldwide 
problem; also because salinization can cause metals to desorb 
from streambed sediment. Other factors to consider related 
to salinity are ecosystem-related effects (for example, on 
mangrove wetlands, river delta communities, invasive species 
distribution, cyanobacteria community composition).

The ecosystem health gap analysis team for the WMA Water 
Quality Program identified five freshwater salinization ecological 
health impairments:
15.	 Community structure shifts related to toxicity or sensitivity 

to salinity,

16.	 Salt-tolerant invasive species,

17.	 Alteration of nutrient and organic matter cycling,

18.	 Mobilization of contaminants and bioactive elements, and

19.	 Alteration of soil properties and loss of structure.

Figure E1.  Diagram of sources and drivers of freshwater salinization with potential ecological health impairments.
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Table E1.  Summary table for freshwater salinity gap analysis for aquatic ecosystem health identified by the U.S. Geological Survey 
(USGS) and grouped by chemical salinization and ecosystem risks from salinization.

[CH4, methane; H2S, hydrogen sulfide]

What Gap Why How

Chemical landscape of salinization

Gap 1a

Predicting and understanding 
changes

An understanding of event-based, 
seasonal, and long-term changes 
in salinity

Need to extrapolate measurements 
and model results over a wide 
range of hydrologic and climate 
variables

Monitor salinity with high frequency 
sensors. Develop long-term 
continuous data.

Gap 1b

Loadings and pathways

Understanding of transport, 
storage, and elucidation of 
sources

Crucial for management, model 
prediction, and remediation

Watershed-ecosystem mass balance 
approach. Development and 
assessment of geochemical and 
isotopic tools for identifying sources.

Ecosystem risks from salinization

Gap 2a

Mobilization of chemical 
cocktails

Uncertainty regarding how 
different salt ions and mixtures 
across range of salinity affect 
biota, ecological communities, 
and ecosystem functions and 
services

Salinity causes mobilization of 
toxic chemicals and nutrients 
that affect biodiversity and 
ecosystem processes.

Survey of data on major ion ratios 
related to salinity in freshwater 
systems. Develop predictive models 
for geochemical water type in 
groundwater based on local geologic, 
hydrologic, and climatic conditions.

Gap 2b

Effects of sea level rise

Complex geochemical 
modification of groundwater 
by seawater intrusion affecting 
community structure from 
microbes to forests

Ecosystem effects include 
microbial production and release 
of CH4 or toxic H2S, and salinity 
alteration of plant communities, 
carbon sequestration, and soil 
elevation change in coastal 
wetlands.

High-frequency continuous sensor 
output data investigation of salinity 
controls on dissolved organic matter 
processing, microbial products such as 
CH4 and H2S, resulting carbon burial 
and soil elevation change, including 
research on how saltwater intrusion 
affects soils (formation of plugs, 
dispersion of aggregates).

Gap 2c

Changing community 
structure

Understanding of effects of 
salinization (for example, 
sea level rise and saltwater 
intrusion) on ecosystem health 
and community structure.

Changes affect coastal carbon 
sequestration, invasive species, 
and loss of plant communities 
anchoring coastal wetlands that 
transform nutrients and stabilize 
coastline.

Detailed (high frequency sensor) 
investigation of salinity controls on 
dissolved organic matter quantity and 
composition in coastal water, and on 
microbial products.

Because of the increasing concern regarding salinity 
related to increasing prevalence, ecological toxicity, and 
corrosion issues, there are major research and significant 
papers that continue to be published. Recent work on 
freshwater salinization by road salts and urbanization has been 
published by Moore and others (2020) on deicing; Kaushal 
and others (2018) on continental scale; Stets and others (2020) 
on landscape drivers in United States rivers; and Dugan 
and others (2017, 2020) on freshwater lakes. Recent work 
highlighting ecological effects includes Moore and others 
(2020) on conductivity and chloride exceedances of EPA 
aquatic life criteria in streams; and Hintz and Relyea (2017) 
work on responses of fish and zooplankton, and McCormick 
and others (2011) on responses of periphyton communities to 
freshwater salinization. Related to groundwater-surface water 
interaction, brackish groundwater assessments and information 
are presented by McMahon and others (2016) and in a USGS 

Professional Paper by Stanton and others (2017). Sprague and 
others (2019) presented recent work on changing salinity at 
multiple geographic scales using streamflow data and results 
from probabilistic and targeted monitoring, and Murphy and 
Sprague (2019) on the effects from streamflow trends and 
changes in watershed management. Work focusing on USGS 
Integrated Water Science (IWS) basins is presented by Rumsey 
and others (2017) on dissolved solids delivery to streams in the 
Upper Colorado River Basin.

Radionuclides

Saline water, either from road salts or from oil and gas 
development and production activities, has the potential to 
mobilize natural and contaminant radionuclides, such as 
radium-226 (226Ra) and radium-228 (228Ra) (Cozzarelli and 
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Category, 
constituent,  

or driver

Source areas, controlling 
factors, and (or) value  

as an indicator

Areas or regions of 
concern

Benchmarks for aquatic 
life and information about 

exceedances
Data availability for analysis

Salinity1 Road salt, groundwater 
extraction, mining, oil and gas 
produced water, agricultural 
return flows, sea level rise, 
surface water diversion, 
stormwater, urban runoff 
and wastewater discharge, 
landscape disturbance, 
drinking water chlorination 
(Anning and Flynn 2014)

National, global, and 
includes USGS IWS 
basins.

See TDS, chloride, and 
conductivity below.

See TDS, chloride, and 
conductivity below.

TDS2 Road salt, groundwater 
extraction, mining, oil and gas 
produced water, agricultural 
return flows, sea level rise, 
surface water diversion, 
stormwater, urban runoff 
and wastewater discharge, 
landscape disturbance, 
drinking water chlorination 
(Anning and Flynn 2014).

National, global, and 
includes USGS IWS 
basins.

EPA National recommended 
water criteria stream aquatic 
life: LOC  500 mg/L;

26% of 208 continental United 
States stream sites exceeded 
LOC (Shoda and others, 
2019).

Anning and Flynn 2014; Stanton 
and others, 2017.

USGS discrete data (USGS, 
2022).

Chloride Municipal and industrial 
discharges, septic systems, 
and road-salt runoff.

National, global, and 
includes USGS IWS 
basins, especially 
areas with increasing 
urban land use.

Federal EPA CMC is 860 mg/L; 
CCC is 230 mg/L. Corsi and 
others (2015) found the CCC 
exceeded in 29% of major 
cities investigated

USGS discrete data (USGS, 2022)

Conductivity3 Used to estimate salinity/TDS. Increasing in all 
human-dominated 
landscapes, that is, in 
streams in urban and 
agricultural areas, 
and areas with a mix 
of the two (Stets and 
others, 2020)

Fanelli and others, 2019.
USGS discrete data (USGS, 

2022).
USGS real-time data (https://

waterwatch.usgs.gov/
wqwatch/?pcode=00095).

USGS National Water 
Quality Watch (https://
waterdata.usgs.gov/nwis/
current/?type=quality&group_
key=NONE).

Radionuclides4 Radionuclides may be important 
in certain environments/
regions (Szabo and others, 
2020).

NORM and TENORM an issue 
in oil fields and related waste 
disposal (Cozzarelli and 
others, 2017; McDevitt and 
others, 2019).

Groundwater from 
naturally U-Th rich 
rock, contamination 
from oil and gas 
exploration and 
extraction and waste 
disposal.

Not captured in EPA’s 
recommended aquatic life 
criteria.

USGS produced water database 
(https://eerscmap.usgs.gov/
pwapp/)

USGS NAWQA (https://www.
usgs.gov/programs/national-
water-quality-program/
national-water-quality-
assessment-project-nawqa)
(Szabo and others, 2020).

Table E2.  Single-factor constituents of concern, drivers, and indicators of aquatic ecosystem health identified by the U.S. Geological 
Survey (USGS).

1Strictly speaking is only dissolved salts, but often used interchangeably with TDS—see entry below.
2All dissolved material, can include organic solutes.
3Specific conductance.
4Radium-228, Radium-226.

[Included are notations on sources and controlling factors, regions of concern, benchmarks for aquatic life and prevalence of exceedances, data availability, and 
references. CMC, criterion maximum concentration; CCC, criterion continuous concentration. IWS, Integrated Water Science; NAWQA, National Water Quality 
Assessment Project; EPA, U.S. Environmental Protection Agency; 303(d), Clean Water Act Section 303(d); TDS, total dissolved solids; LOC, level of concern; 
mg/L, milligrams per liter; %, percent; NORM, naturally occurring radioactive materials; TENORM, technologically enhanced naturally occurring radioactive 
materials; U-Th, uranium-thorium.]
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others, 2017; McDevitt and others, 2019). The geochemical 
mobility of Ra is often controlled by either sorption or 
co-precipitation with sulfate or carbonate minerals. For 
example, elevated sediment radium from co-precipitation 
with carbonate was observed downstream of produced water 
discharge in Wyoming streams (McDevitt and others, 2019). 
Alternatively, mobilization due to desorption is shown in a 
study on the mobilization of radium and radon by deicing 
salt contamination of groundwater under a parking lot 
in Connecticut that concluded that salt contamination of 
groundwater could increase the potential for human exposure 
to these radioactive and carcinogenic elements (McNaboe and 
others, 2017). High concentrations of naturally occurring Ra are 
known to cause human health effects (EPA, 2000). However, 
there is a knowledge gap on the effects of water quality shifts 
(dilution or acidification) on Ra distribution downstream of 
contaminated sites (Cozzarelli and others, 2017; McDevitt and 
others, 2019), and the health effects of Ra on wildlife are not 
well known (McDevitt and others, 2019). Thus, to understand 
the potential for long-term downstream contamination 
from mobilized radionuclides, there is the need to study the 
environmental behavior of these chemicals along complex 
hydrologic flowpaths (Kaushal and others, 2021). Further 
discussion of the significance of environmental radionuclides 
can be found in the companion report, chapter C “Geogenic 
Water-Quality Effects on Beneficial Uses of Water” (Tesoriero 
and others, 2024).

Knowledge Gaps in Salinity Drivers of 
Ecosystem Health

Salinization is increasing in many parts of the United 
States and globally and is a complicated emerging problem for 
ecosystem health (Kaushal and others, 2021). Although salinity is 
decreasing in some areas, which may reflect successful mitigation 
strategies (Rumsey and others, 2017) or salinity cycles related 
to changes in precipitation (Tillman and others, 2019), increases 
are evident especially in urban areas and dryland environments 
(Stets and others, 2020). For USGS Water Mission Resources 
Area (WMA) research, we divide knowledge gaps into needs for 
increased understanding into two broad classes of gaps:
	 1.	 Defining the chemical landscape of salinization, which 

includes:

	 a.	 predicting and understanding changes in salinity, and

	 b.	 salinity loadings and pathways.

	 2.	 Evaluating ecosystem risks from salinization, which 
include:

	 a.	 risks related to salinity mobilization of “chemical 
cocktails,”

	 b.	 effects of sea level rise on coastal ecosystems, and

	 c.	 the effects of salinization on changing community 
structure (from microbes to HABs to invasive species).

We present these gaps in detail below and provide a summary 
in table E1.

Gap 1. Defining the Chemical Landscape of 
Salinization

The first class of gaps in defining the chemical landscapes of 
salinization include:

Gap 1a. Predicting and Understanding Changes 
in Salinity

Decadal-scale salinization has been well-documented in 
arid, semi-arid, humid, and urban regions across the United States 
and globally (Kaushal and others, 2021; Stets and others, 2020). 
Some of the major gaps in understanding the drivers of salinity 
changes include the role of seasonal trends and an understanding 
of the landscape processes and broad regional changes that affect 
water quality. These changes can be important, such as in the 
case of increased salinity during low-flow conditions when biotas 
are most sensitive to changes in water quality (Stets and others, 
2020). Climate driven changes include reduction in precipitation, 
increases in aridity, and other long-term changes contributing 
to salinization include increasing urbanization and water use 
(Vengosh, 2014). In addition, more information is needed on how 
storm and snow events influence salinity and related contaminant 
load across a variety of landscapes (Corsi and others, 2015; 
Kaushal and others, 2021). Better understanding of these short-
term and long-term drivers should allow us to better predict and 
manage salinity in the future. Consequently, we propose that 
research should be carried out by focusing on target basins to 
address these questions:

•	 How might the rates of supply from salinity sources 
change due to climate change?

•	 What event, seasonal or interannual trends of salinity, exist 
in river and lake environments (including storm events, 
droughts, snow events, wind-blown dust from exposed 
shorelines)?

•	 How might the rates of supply from salinity sources 
change due to land use change including changes 
in groundwater pumping, irrigation, and energy 
development?

•	 How might the rates and supply from salinity sources 
change due to infrastructure change (flow management, 
water diversions, interbasin transfers)?

•	 Where and at what rate are anthropogenic sources—such 
as road salt, liming and fertilizer, and septic systems—
increasing salinity in the unsaturated zone and shallow 
groundwater causing mobilization of chemicals in the soil 
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profile that may ultimately be carried to surface-water 
aquatic ecosystems?

•	 How is salinization of rivers and lakes related to variable 
inputs from runoff and groundwater across seasonal to 
decadal time scales?

For these events, seasonal, interannual and long-term trends, 
work is required using high-frequency continuous sensor output 
data for salinity, preferably across a range of land use types and 
precipitation patterns (rain, snow, snow melt, arid, humid, urban, 
agriculture) combined with traditional streamflow monitoring 
and new approaches to modeling and links to other geochemical 
data (Kaushal and others, 2021). Long-term high frequency data 
would allow for the determination of peaks, response time, and 
hysteresis in salinity versus flow across different time scales 
from storm events to interannual trends. These data could also be 
useful to determine the time scale of exceedances of water quality 
criteria, and longer records of these data could be used to determine 
whether there has been an increase or decrease in the number of 
days exceeding those criteria. Deliverables for this work should be 
high-frequency continuous sensor data for target basins that can be 
used to better understand and predict natural and human-accelerated 
salinization on short-term to decadal scales, and an interpretation 
of the processes driving these changes. Beyond adopting high-
frequency continuous sensor data approaches, some basic questions 
of seasonality and the relationship to streamflow could be explored 
in many places with existing and extensive discrete data when 
combined with modeling efforts such as weighted regressions on 
time, streamflow, and season (Oelsner and others, 2017).

Gap 1b. Salinity Loadings and Pathways
Qualitative knowledge of loading, response time, and 

hydrologic flowpaths of salinity from existing sources is crucial to 
understanding and managing salinization of aquatic ecosystems. 
Establishing loadings and pathways is essential for determining the 
legacy response time of current salinity loads, as well as predicting 
the results of increasing loads. Salt from atmospheric deposition, 
evaporation of surface water, or anthropogenic salinity sources 
can accumulate in water and soils in the saturated or unsaturated 
zone and later can be flushed downward or laterally. The flushing 
can be caused by changes in land use such as removing vegetation 
or changing vegetation type (for example, natural to cropland), or 
changes in hydrologic budget through increased rainfall, irrigation, 
or even sea level rise. Storage and flushing of salinity are well-
documented in dryland environments (Vengosh, 2014), but less so 
in urban areas or basins with anthropogenic salinization (Lax and 
Peterson, 2008; Ledford and others, 2016).

To address this gap, we support following the 
recommendation of Kaushal and others (2021) to develop 
a watershed-ecosystem approach. The initial screening is a 
mass balance of TDS at the regional to national scale to better 
understand how different hydrogeologic settings and land uses 
affect river loads. Next is a partitioning of individual major 
components (for example, Na, Cl, sulfate, bicarbonate) for 
target watersheds such as the USGS IWS basins; including an 

evaluation of “hot spots,” such as near roadways, wildfire burn 
areas, wastewater discharge, urban areas, resource development 
and extraction, and groundwater. We note that refining the mass 
balance of TDS to the level of major components may be limited 
by available data and requires new data collection.

To complement this approach, forensic work on determining 
the relative contributions of salinity sources could be carried 
out. Where there are multiple sources of salinity to a system, 
the integration of multiple chemical and isotopic tracers is 
required to distinguish between these sources (Vengosh, 2014). 
Common tracers for salinity sources include chemical ratios (for 
example, Na/Cl, Br/Cl, B/Cl, Ca/Cl, SO4/Cl) and isotopic ratios 
(for example, δ18O and δ2H in H2O, δ11B, δ34S, δ34S and δ18O in 
SO4, 

36Cl/Cl, 129I/127I, 87Sr/86Sr). To quantitatively relate sources 
of salinity to water quality observations and predictions in target 
basins, projects could be pursued to evaluate data availability and 
application of these geochemical tools. Deliverables for projects 
could include identification of the best combination or integration 
of tracers in these systems, a compilation of available data, and 
potential tracers for reuse water. Other potential work identified by 
USGS to provide better quantification of the sources and causal 
factors includes:

•	 Examination or acquisition of road-salt use data to attribute 
cause and determine if “legacy” road salt is a concern,

•	 Determining atmospheric dry (aerosol or aeolian 
dust) deposition rates of salt to determine the relative 
importance to wet deposition rates, and

•	 Compiling TDS estimates from wastewater to better 
understand its role in salinization.

Gap 2. Evaluating Ecosystem Risks from 
Salinization

The second class of gaps in evaluating ecosystem risks from 
salinization include:

Gap 2a. Salinity Mobilization of Chemical 
Cocktails (Mixtures)

There is much uncertainty regarding how different salt ions 
and mixtures across a range of salinity affect biota, ecological 
communities, and ecosystem functions and services (Kaushal and 
others, 2021). Research is needed to understand how increases in 
salinity, and in specific major ion concentrations, might be affecting 
aquatic ecology and ecosystem services (Stets and others, 2020) 
through toxicity or contaminant mobilization. Much of the work 
on the environmental effects of salinization has focused on Cl; 
but different components of salinity—Na, Mg, Ba, bicarbonate, 
sulfate, silica—are recognized to have different effects on the 
health of aquatic systems. Examples include (1) different salts 
influence toxicity to aquatic organisms (Kaushal and others, 2018); 
(2) mobilization of geogenic contaminants such as fluoride (F), 
arsenic (As), B, and Ra by salinization (Vengosh, 2014); and (3) 
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salinization can cause leaching and mobilization of bioreactive 
elements (carbon [C], nitrogen [N], phosphorus [P]) from soil 
to water in streams (Kaushal and others, 2018). A survey of the 
importance and availability of data on major ion ratios related to 
salinity in freshwater systems would be beneficial to understanding 
the effects of salinization. In addition, predictive models for 
geochemical water types in groundwater that are based on local 
geologic, hydrologic, and climatic conditions could be developed. 
There is crossover in examining major ion chemistry controlling 
speciation with the presentation in chapter C “Geogenic Water-
Quality Effects on Beneficial Uses of Water” in the companion 
report (Tesoriero and others, 2024). Consequently, we propose:

•	 Developing prediction capability to determine major 
ion ratios and effects on beneficial uses via corrosion, 
mobilization of contaminants, and suitability for use;

•	 Examination of the role of salinity in the prediction of 
health-related geogenics (for example, F, As, Se, B, Ra); 
and

•	 Inclusion in models for the prediction of water types 
based on geochemical processes (for example, base cation 
exchange, freshening, generation of dissolved inorganic 
carbon [DIC] by oxidation of organic matter).

Gap 2b. Effects of Sea Level Rise on Coastal 
Ecosystems

The effects of sea level rise and saltwater intrusion on 
ecosystem health and community structure represents another 
important research area (Vengosh, 2014; Kaushal and others, 
2021). The complex geochemical modification of groundwater by 
seawater intrusion and displacement is considered above under 
sections Gap 1b “Salinity Loadings and Pathways” and Gap 
2a “Salinity Mobilization of Chemical Cocktails (Mixtures).” 
Research is also crucial for determining how saltwater intrusion 
affects soils (formation of plugs, dispersion of aggregates). 
Ecosystem effects include modification of microbial community 
structure resulting in changes in production and release of CH4 
or toxic H2S. Salinity alteration of DOC export, plant community 
structure, and coastal wetland carbon sequestration represents 
another important research area (Kaushal and others, 2021). 
Research specific to USGS WMA National Water Quality 
Program (NWQP) could include detailed (high-frequency 
continuous sensor output data) investigation of salinity controls 
on dissolved organic matter quantity and composition in coastal 
water, and on microbial products such as CH4 and H2S, which can 
also be determined with continuous sensors.

Gap 2c. The Effects of Salinization on Changing 
Community Structure (From Microbes to Harmful 
Algal Blooms to Invasive Species)

There are major research gaps and management questions 
on the topic of salinization and ecosystem effects (Vengosh, 2014; 

Kaushal and others, 2021). These gaps include both knowledge 
of direct effects on organisms and biodiversity through toxicity 
related to chloride, as well as indirect effects such as the alteration 
of microbial community structure through mobilization of 
nutrients and contaminants related to salinization (Kaushal and 
others, 2021). Salinization of surface water can trigger harmful 
algal blooms (HABs) with profound effects on fish, salamanders, 
and mussels (Vengosh, 2014). Salinization also has effects on the 
distribution and success of salt-tolerant invasive species (Kaushal 
and others, 2021). Research gaps on HABs and invasive species 
are covered in other programs within USGS and WMA; however, 
as described above under Gap 1a “Predicting and Understanding 
Changes in Salinity,” high-frequency continuous sensor output 
data for salinity, preferably across a range of land use types and 
precipitation patterns (rain, snow, snow melt, arid, humid, urban, 
agriculture) combined with new approaches to modeling and links 
to other geochemical data could greatly contribute to research on 
these topics.

Priorities and Timelines for Addressing 
Gaps

Priorities

Gap 1a. Predicting and Understanding Changes 
in Salinity

This gap has high value scientifically both regionally and 
nationally, but is given number 2 rank in priority because this is 
a “long term” problem compared to the more immediate needs 
addressed in Gap 1b.

Gap 1b. Salinity Loadings and Pathways
This work provides information for management in the “now”, 

and there is high value in water-stressed areas and at-risk areas.

Gap 2a. Salinity Mobilization of Chemical 
Cocktails (Mixtures)

There is good potential for process understanding inclusion 
into models, but effort may require substantial geochemical 
expertise. The chemistry and concepts are complex, and the value 
of data may be specific to USGS Integrated Water Science (IWS) 
basins but the knowledge gained is applicable across many aquatic 
systems.

Gaps 2b and 2c. Sea Level Rise, Salinization, and 
Changing Community Structure

The work is high value within areas, but knowledge transfer 
to other IWSs may be low because ecosystem communities are 
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somewhat unique and therefore the knowledge gained is not 
widely applicable. In addition, the factors and drivers extend 
beyond salinity.

Timelines

Near-Term (2–5 Years)
Approaches to fill knowledge gaps that fall into a near-

term (2-year) level of implementation consist of plans for 
the development and identification or deployment of high-
frequency continuous sensor output data for (1) salinity in 
existing IWSs, (2) the development of lists and methods for 
forensic tools for salinity sources in existing IWSs, and (3) 
the development of data collection and management plans. 
Other approaches in the near-term are related to a watershed-
ecosystem type approach in IWSs and include developing mass 
balance of TDS in IWSs and identification and evaluation of 
salinity “hot spots” in those IWSs, such as near roadways, 
wildfire burn areas, wastewater discharge, urban areas, resource 
development and extraction, and groundwater.

Mid- to Long-Term (5–10 Years)
Approaches to fill knowledge gaps that fall into mid- (5-year) 

to long-term (10-year) implementation timeframes are (1) the 
development of long-term ecological data sets, (2) refining 
the focus in watershed-ecosystem mass balance approaches to 
individual major components of salinity, (3) developing and 
assessing results of management actions, and (4) refining model 
predictions with long-term, high-frequency sensor data.
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